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Improving energy efficiency and reducing carbon emission is among the immediate 
measures being taken in many countries to address the challenge of climate change. Energy 
consumption in buildings accounts for over 40% of total primary energy demand in the 
European Union (EU). Most of this energy is in the form of heat for space heating in buildings 
which is commonly supplied in building using onsite fossil fuelled-boiler installations in EU. 
The current fossil fuelled boilers are designed to supply heat at high temperature (about 80 °C) 
and usually oversized for the required load capacity. This process suffers from low overall 
thermal efficiency of the heat supply systems.  
In this project, it was sought to investigate an integrated approach of supplying heat to 
buildings by aggregating various types of heat sources and delivering heat to a common heat 
distribution network to form a small-scale district heating system. This is considered as an 
effective solution to increase efficiency through lowering the hot water temperature and 
encouraging the adoption of renewable energy systems. Therefore, this thesis investigates 
the operation and design optimisation of a Low Temperature District Heating (LTDH) network 
with multiple heat feed-in sources such as a heat pump, biomass boiler, gas boiler and solar 
thermal collector. A case study to evaluate the design of system was considered as part of the 
Creative Energy Homes (CEHs) at the University of Nottingham. An overall heat load demand 
of the site was evaluated using Energy Plus software and a computer model for low 
temperature heat with multiple heat sources was introduced to optimise different feed-in heat 
sources. To improve heat provision flexibility, maximise heat generation from renewable 
sources and provide heat networks flexibility, an optimisation model of the thermal store was 
also carried out. Furthermore, this work investigated the environmental and economic viability 
of the proposed low temperature heat network. 
The case study involves the Creative Energy Homes which consists of seven low 
energy homes with an aggregate heat load of 44 kW and annual energy consumption of 
II 
 
40258.1 kWh, including 14110.89 kWh for domestic hot water and 26417.92 kWh for space 
heating. It was established that a system consisting a 1.56 kW solar collector,10 kW heat 
pump, 15 kW biomass boiler, 20 kW gas boiler and a thermal store of 0.894 𝑚3 (or 25.96 kWh) 
can supply heat to the site using a LTDH system at the lowest cost and with the least 
environmental impact. The system’s annual operation cost and carbon emission was 
£ 1997.87 and 1634.4 kg respectively. It was also found that the biomass boiler and heat pump 
supplied more than 80% of heat demand of the site, while the gas boiler fulfilled less than 10% 
of heat demand, working as auxiliary boiler. The solar collector operated for a total of 1891 
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• G: solar radiation on solar collector (W/𝑚2) 
• ℎ: height of thermal store (𝑚) 
• 𝑖: day 
• 𝑗: hour 
• 𝐿𝐻𝑉𝑏: Lower Heating Value of fuel (kWh/kg) 
• 𝑚𝑏1: mass of fuel for working period(kg) 
• 𝑚𝑏2: mass of fuel for star-up period (kg) 
• 𝑚𝑏−𝑐𝑤: mass of internal water in biomass boiler (kg) 
• 𝑚𝑐𝑤−𝑑,𝑖: hourly volume flow rate (𝑚
3/ℎ). 
• 𝑚𝑐𝑤−𝑚𝑎𝑥: mass flow rate of water pump (kg/h) 
• 𝑚𝑔−𝑐𝑤: mass of internal water in gas boiler (kg) 
• 𝑚𝐵: carbon emission per kilowatt hour for biomass boiler (kg/kWh) 
• 𝑚𝐺: carbon emission per kilowatt hour for gas boiler (kg/kWh) 
• 𝑚𝐻: carbon emission per kilowatt hour for heat pump (kg/kWh) 
• 𝑀𝐵: annual carbon emission from biomass boiler (kg) 
• 𝑀𝐺: annual carbon emission from gas boiler (kg) 
• 𝑀𝐻: annual carbon emission from heat pump (kg) 
• 𝑀𝑡𝑜𝑡𝑎𝑙: total carbon emission of all the heat sources (kg) 
• 𝑃𝑒𝑙𝑒𝑐−𝑑,𝑖: hourly power input (kW)  
• 𝑃𝑠ℎ: heat production of solar collector (W) 
• 𝑞𝑡ℎ−𝑡: hourly thermal storage capacity (kWh) 
• 𝑄𝑏−out: annual heat produced by biomass boiler (kWh) 
• 𝑄𝑒: electricity input(kW) 
• 𝑄𝑏−𝑐𝑤: heat energy for internal water circuit of biomass boiler (kWh) 
• 𝑄𝑔−𝑐𝑤: total energy for internal water circulation of gas boiler (kWh) 
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• 𝑄𝑔−𝑖𝑛𝑝𝑢𝑡: annul input energy of gas (kWh) 
• 𝑄𝑔−𝑜𝑢𝑡: annual heat produced by gas boiler (kWh) 
• 𝑄ℎ−𝑜𝑢𝑡: annual heat produced by heat pump (kWh) 
• 𝑄𝑙𝑜𝑎𝑑−𝑚𝑎𝑥: maximum heat load (kW) 
• 𝑄𝑝: heat pump output (kW) 
• 𝑄𝑠−𝑏𝑖𝑔: maximum energy stored in thermal store (kWh) 
• 𝑄𝑠−𝑜𝑢𝑡: annual heat produced by solar collector (kWh) 
• 𝑄𝐵: heat supplied by biomass boiler (kW) 
• 𝑄𝐺: heat supplied by gas boiler (kW) 
• 𝑄𝐻: heat supplied by heat pump (kW) 
• 𝑄𝐼𝑛: the accumulation of heat supply by multiple heat sources (kW) 
• 𝑄𝐼𝑛𝑡𝑖𝑎𝑙: initial thermal store or the minimum thermal store capacity (kW) 
• 𝑄𝑙𝑜𝑠𝑠: heat loss of thermal store (kW) 
• 𝑄𝑂𝑢𝑡: heat load for the dwellings 
• 𝑄𝑆: heat supplied by solar collector (kW) 
• 𝑄𝑆𝑡𝑜𝑟𝑎𝑔𝑒: capacity of thermal store (kW) 
• S: solar collector area (𝑚2) 
• 𝑇𝑎: ambient temperature (°C) 
• 𝑇𝑓: collector average temperature (°C) 
• 𝑇𝑖𝑛: average temperature of water inside the thermal store (°C) 
• 𝑇𝑅: return water temperature (°C) 
• 𝑇𝑆: supply water temperature (°C) 
• 𝑈: overall heat transfer coefficient (𝑊/(𝑚2𝐾)) 
• 𝑉: volume of thermal store (𝐿) 
Symbols 
• 𝛼: working on/off of the heat pump 
• 𝛼1: the first-order coefficient in collector efficiency equation, [𝑊/(𝑚
2℃)] 
• 𝛼2: the second-order coefficient in collector efficiency equation, [𝑊/(𝑚
2℃)] 
• 𝛽: working on/off of the biomass boiler 
• 𝛾: working on/off of the gas boiler 
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• ∆𝑡𝑏1: the total biomass boiler working hour (h) 
• ∆𝑡𝑏2: the number of stat-up of biomass boiler 
• ∆𝑡𝑏−𝑑: total working hour during daytime for biomass boiler (h) 
•  ∆𝑡𝑏−𝑛: total working hour during night time for biomass boiler (h) 
• ∆𝑡ℎ−𝑑: heat pump working hour during day time (h) 
• ∆𝑡ℎ−𝑛: heat pump working hour during night time (h) 
• ∆𝑇: the temperature difference between the water temperature and ambient 
temperature (°C) 
• ∆𝑇𝑠: temperature difference for thermal store supply/ return temperature (°C) 
• η: intercept (maximum) of the collector efficiency. 
• 𝜂𝑏:  the efficiency of biomass boiler 
• 𝜂𝑔: the efficiency of gas boiler 











The background of this research project is based on fulfilling the energy consumption 
without fossil fuel in the long term and ensuring energy security under the premise of protecting 
the environment and improving the quality of people’s life. It is common established that 
energy consumption and standards of living are strongly correlated. In the developed countries 
energy consumption per capita is high which reflects the high standard of living compared to 
that in developing countries. The high living standards aspired by the developing countries 
however is fuelling the ever increase in the amount of burnt fossil fuels in all forms, as shown 
in Figure 1.1 where most of energy consumption increase is recorded in the Asia Pacific 
countries. It can also be seen that the total global energy consumption in 2018 increased by 
18.45% compared to that in 2008. 




























































The rate of primary energy consumption is though not evenly distributed as most the 
current increase in fossil fuel consumption is natural gas. This is particularly seen as a short 
to medium term substitute to a more polluting fuels such as coal. Figure 1.2 shows the 
percentage of global primary energy consumption by fuel. It can also be seen that there is a 
marked decrease in energy consumption from coal and oil while little change in nuclear and 
hydroelectricity energy generation and an increase in renewable energy sources still forms a 
small fraction of the total consumption. 
 
Figure 1.2 The percentage of global primary energy consumption by fuel [1] 
 
 The global CO2 emissions presented a similar trend to energy consumption, which 
increased by 131.7% in 2016 compared with that in 1975. The CO2 emissions increased 
significantly due to the high demand for the fossil fuel. Coal and oil contributed most of CO2 
emissions as Figure 1.4 shows, the CO2 emission from coal and natural gas is still increasing. 
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Figure 1.4 CO2 emissions from different fuels combustion in 2005 and 2016 [2]. 
 
The increasing level of CO2 concentration in the atmosphere can lead to many 
environmental problems globally. The average global temperature for 2015-2019 is on track 
to be the warmest of any equivalent period on record. It is currently estimated to be 1.1 °C 
higher than that in pre-industrial (1850-1900) times and 0.2 °C warmer than that in 2011-2015 
as Figure 1.5 shows [3, 4]. In addition, the sea-level rise is accelerating due to ocean warming 
and land ice melting from West Antarctica and Greenland [4]. Global mean sea level rose from 




during 2007-2016 as Figure 1.6 shows [4]. 25% of annual emission of anthropogenic CO2 was 
absorbed by seawater, and as a result the ocean is becoming more acidic. 
 
*The global temperature assessment is based on five datasets: HadCRUT.4.6.0.0 (UK Met Office Hadley Centre 
and Climatic Research Unit, University of East Anglia), GISTEMP v4 (National Aeronautics and Space 
Administration Goddard Institute for Space Studies), NOAAGlobalTemp (National Oceanic and Atmospheric 
Administration (NOAA), ERA5 (European Centre for Medium-range Weather Forecasts), and JRA-55 (Japan 
Meteorological Agency). 
Figure 1.5 Global mean temperature difference from 1850-2019 for five data sets [4]. 
 
 
* Data source: European Space Agency (ESA) Climate Change Initiative (CCI) sea-level data until December 
2015, extended by data from the Copernicus Marine Service (CMEMS) as of January 2016 and near real-time 
Jason-3 as of April 2019 





It is estimated that the construction sector and associated buildings account for 36% 
of global final energy consumption and nearly 40% of total direct and indirect CO2 emissions 
[5]. For buildings, the energy is mainly consumed for space heating, domestic hot water, 
cooking, lighting and appliances. The energy consumption for cooling was much less than that 
for heating due to the climatic conditions of northern European countries [6]. According to 
Figure 1.7, energy used for heating, including both space heating and domestic hot water, 
accounted for 81% of total energy consumption. Similarly, the emission from heating was the 
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2018 Energy consumption for buildings in UK
 
Figure 1.7 2018 Energy consumption for buildings in UK [6] 
 
1.2 Motivation and contribution to knowledge 
Heat energy consumption in the UK forms the largest energy consuming sector (see 
Figure 1.8), while carbon emissions from space heating and domestic hot water accounted for 




in the UK is important for carbon emission reduction and energy saving. The heating 
generation method in domestic buildings plays an important role. 84% of residential buildings 
in the UK adopt gas as the main heating fuel, and the houses heated by the electricity 
accounted for 8.6% [8]. 
 
Figure 1.8   UK emission in 2016 across different sectors [9] 
 
The UK government set a goal to reduce 80% of carbon emissions by 2050 [10]. 
Buildings accounted for 34% of total carbon emission in 2014 [11]. With the increase of 
population, Energy Saving Trust has analysed the impact of a 2050 ready policy. It is assumed 
200000 homes are built each year between 2019 and 2032 (the end of the 5th carbon budget), 
and the number will reach 43 million by 2050 [12]. In order to achieve the objective of carbon 
emission reduction, the new houses should be built more energy efficient. However, 80% of 
houses will be occupied by 2050 have already been built. 26 million houses should be 
retrofitted to reduce greenhouse gas emissions [13]. In 2017, the residential sector, with the 




energy housing solutions are an essential part of achieving the Government's target, 
researchers at the Department of Architecture and Built Environment at the University of 
Nottingham were approached by construction firms seeking collaborations to help develop 
and test low-energy housing solutions. Creative Energy Homes were built to varying 
specifications to support the testing of a variety of design strategies, construction methods 
and technologies intended for the volume house-builder market. 
Nowadays, buildings are heated by individual fossil fuel boilers and/or renewable heat 
sources (biomass boilers, solar collectors or heat pumps). Technically gas and biomass 
boilers which convert chemical energy of a fuel into heat have reached their energy 
performance limit under condensing mode, and as high as 95% of efficiency can be obtained. 
Individually installed solar thermal collectors usually suffer from high stagnation temperatures 
and the energy generation capacity is not fully utilised. The energy performance of heat pumps 
on the other hand depends on many factors including climatic conditions, design of heat 
extraction and rejections loop as well as heat supply temperature. Therefore, aggregating heat 
generated from various energy sources in a heat distribution network will maximize the use of 
the renewable system’s capacity, reduce fossil fuel energy consumption and mitigate carbon 
emission. Furthermore, supplying heat through a Low Temperature District Heat (LTDH) 
network will reduce energy loss associated with the heat distribution. In designing a LTDH 
system, many technical and economical problems need to be investigated like evaluating the 
heat load of buildings forming a community, optimising and integrating different heat sources 
(solar collector, heat pump, biomass boiler and gas boiler) into the LTDH system, sizing and 
selecting the thermal storage and assessing the environmental impacts and cost benefits of 
the system. 
The current practice is that buildings in a community are fitted with individual heat 
source to meet the heating demand of each building. The dwellings have multiple heat sources 
(gas boiler, biomass boiler, solar collector and heat pump), which are designed for the peak 




generation capacity of individual system. In this project, a research gap about optimisation of 
the heat sources in the LTDH system has been identified. The main contribution of the 
research centres on design optimisation of low temperature small-scale district heating with 
multiple heat sources, which includes sizing of solar collectors, biomass boiler, heat pump and 
gas boiler and the thermal store for a dynamic heat load of a community. The optimisation of 
the thermal store in LTDH is critical to storing the surplus heat from multiple heat sources 
particularly renewable energy and then supplying heat to buildings.  
 
1.3 Aim and Objectives 
The main aim of this thesis is to investigate the design and feasibility of Low 
Temperature District Heating (LTDH)system for small communities. A case study of a small 
community made up of seven houses was used to assess the heat networks. Firstly, the hourly 
heat load of the community was established with EnergyPlus software. Then, the potential of 
many heat sources and thermal storage were considered by developing a mathematical model 
to simulate the operation of the LTDH.  
The main research objectives of this work can be summarised as follows: 
• Evaluate the heat load of the Creative Energy Homes (CEHs) buildings as part of a 
small-scale community 
• Assess the different heat sources capacities to identify the optimum heat sources for 
LTDH 
• Optimise the thermal store to satisfy the site’s heat load reliably 
• Analyse the economic and environmental impact of the LTDH system 
 
1.4 Thesis outline 
This thesis is structured into seven chapters and represented schematically as shown 





Figure 1.9 Structure of the thesis 
  
Chapter 1 introduces the topic of the thesis through a brief background, motivation and 
contribution of the work and outlines the aims and objectives of the research project. 
Chapter 2 reviews the DH and LTDH systems, illustrating their potential role in the 
transition towards low carbon buildings. Firstly, the review of the elements in the heating 
system is summarised, including heat sources, heat networks and supply. Then, the district 
heating technology is described by the trend of district heating and the current market of district 
heating. It is also pointed out the evolving technology of new generation of DH, highlighting its 
potentials to fully exploit the renewables and low carbon heat sources due to the operation 
with low temperatures. In addition, the challenges of operating existing heat networks, 
supporting policies and outlook for district heating are discussed. 
Chapter 3 introduces the case study site including the construction method, efficient 
heating and cooling system. An Energy Plus computer model for the heat demand of the 




Chapter 4 introduces the method to optimise the heat sources in the LTDH system. 
The methodology is applied to different scenarios, and the thermal store capacity is the 
criterion to design and optimise heat sources. 
Chapter 5 introduces the method to optimise the thermal storage in the LTDH system. 
The methodology is applied to different scenarios based on the optimum heat sources in 
Chapter 4. The thermal store size is determined by the storage capacity. The thermal store 
can be optimised by adding the heat loss. The results for the optimum heat generation and 
storage capacity with three size solar collectors are obtained. 
Chapter 6 analyses the environmental and economic aspects of the case study of the 
LTDH system in which various design scenarios are taken into account, as discussed in 
Chapter 5. The environmental and economic impacts involve the evaluation of the system cost 
and carbon emission. 
Chapter 7 concludes this thesis critically and reflects on the results obtained, 
recommendations and future work development of LTDH.  
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2 Review of District Heating (DH) system 
2.1 Introduction 
This chapter begins with a review of potential heat sources for integration into a district 
heating system such as fossil fuelled boilers, heat pump, solar thermal collector, and 
Combined Heat and power (CHP). The renewable energy is especially discussed from the 
aspects of solar collectors, geothermal heat and biomass energy. The category of heat 
interface unit and heat emitter are described in detail. The different types of networks are 
described and a comparison of disadvantages and advantages is carried out. In addition, the 
heat losses and diameters are summarised. 
Subsequently, the district heating system and the market for the district heating system 
in the world, like China, the USA, Russia and the EU countries are generally introduced. The 
trend of district heating over the past years has been described and the direction for district 
heating turns to renewable heating system with more energy saving and higher efficiency are 
presented. The development of district heating system in the UK in the past years is especially 
depicted. 
The next one is a description of the concept of Low Temperature District Heating 
system. The present work in the field is defined through the review of current LTDH technology, 
focusing on the implementation of space heating demand and domestic hot water supply for 
low energy houses by the LTDH. The barriers of integrating LTDH system into the existing 
buildings are described, including the Legionella risk and each element in the heating source 
preparation for applying LTDH [15]. 
Then, the policies from different countries to decrease energy consumption and 
achieve decarbonisation are presented, and the challenges for district heating in different 
countries are summarised. Meanwhile, the future direction for district heating in each country 
is also predicted. 
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2.2 Heat sources for district heating 
District heating refers to the heat from one or several heat sources to the dwellings 
and buildings through networks [16]. The district heating technologies vary widely among 
countries, depending on the following aspects [17]: 
• Energy security  
• Energy policy of each country 
• The reliance of own fuel resource  
• Regulation 
• Climatic and local conditions 
• Economic development 
• Access to new and innovative technologies 
Although the characteristics, technologies and geometries of the district heating 
system are different, three major aspects get involved: the heat source, network, and end-
user. There is a heating centre including one or multiple heat sources, which balances the 
heat demand and provides backup/peak supply as Figure 2.1 shows [17, 18]. Then the hot 
water from the heat generation plant is distributed and transported to the secondary network 
via the primary network, while substations connect the primary and secondary networks. 
Finally, the water is transported to the end-user via a secondary network.  
 
Figure 2.1 Layout of a district heating network with indirect space heating and hot water supply [18] 




Heat sources for the district heating system can be divided into CHP system and heat-
only system according to the function. The most common energy used as a heat source is 
fossil fuels, namely oil, coal and gas. Renewable energy source, such as biomass and solar 
energy, has attracted more attention in recent years. 
2.2.1 CHP 
CHP technology is electricity generation equipment, where the waste heat is also 
generated for heating and cooling. CHP can be divided into large-scale CHP, small-scale CHP, 
and micro-CHP according to the output power. Table 2.1 shows the types of CHP plants with 
electrical outputs, engines and applications. 
Table 2.1  The types of CHP plants [19]. 
Types of CHP plant Electrical outputs Engines Application 
Large-scale CHP >2MW 
Gas turbines  
 Reciprocating engines 
Large industrial site 
Small-scale CHP <2MW 
Spark ignition engines  
Micro-turbines 
Small scale gas turbines 
Small industrial site 
Buildings and community  
Micro-CHP <50kW Stirling engines 
Domestic and small 
commercial site 
      
Heat engines used to provide main power to produce electricity and heat can be 
categorised into gas turbine, steam turbine, reciprocating engine and combined cycle  [20]. 
Fuels, which are used in CHP, can be divided into commercial fuels (coal, fuel oils, gas oils 
and natural gas) and waste fuels (solid waste fuel, liquid waste fuel and gaseous waste fuel). 
Compared with other CHPs, the ratio of power to heat in the gas turbine is the highest, ranging 
from 0.5 to 2. In addition, hot water and steam can be produced by the gas turbine due to 
exhaust. However, gas turbines are used to satisfy the peak load of electricity due to gas 
prices. The gas engines can be divided into reciprocating gas engine and spark- ignition 
engine. The former is used in small DH applications, low temperature and individual building 
[21]. Spark-ignition engines compose base heat load and heat storage is needed to maximize 
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the production of electricity. The efficiency of electricity production used by the fuel cell ranges 
from 30% to 60% with the power to ratio of 0.5-1.4. Combined with other technologies such 
as gas and steam turbines, fuel cells can reach 60% in the efficiency of electricity production 
[22]. Small-scale CHP is commonly used in the UK for heating, and the heat engines include 
reciprocating internal combustion engine, gas turbine and micro-gas turbine [19]. Heat 
engines are usually divided into the spark-ignition engine and the compression-ignition engine 
according to the way of igniting. Table 2.2 shows the properties of three types of engines.  















20-15000 30-45 65-90 
Well developed; 
Low initial investment; 
Startup easily; 




Gas turbine >900 65-90 65-90 
High safety; 
Low maintenance requirement; 






30-200 75-85 75-85 
Compact construction; 
Low weight; 
Available to multi-fuel; 





2.2.2 Heat pump 
The heat pump can be categorised into heating-only heat pump, heating and cooling 
heat pump, integrated heat pump system and heat pump water heaters according to the 
operational function. 
 Chua and Chou [23] applied the two-stage heat pump, increasing the overall efficiency 
by 35%. Park and Jung [24] improved COP about 6% due to the mixture of new refrigerant 
R170/R290. Chow et al. [25] developed a direct-expansion solar-assisted heat pump, with 
COP achieving 6.46. 
With the attractive advantages of high efficiency and low environmental pollution, heat 
pumps have been widely applied for heating, cooling and domestic hot water. High grade 
energy is used by a heat pump as driving energy, while low grade energy such as air, ground 
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water and energy stored in soil can be extracted for terminal users. The heat pump can be 
divided into air source heat pump (ASHP) system, ground source heat pump system (GSHP) 
and hybrid heat pump system. Low cost installation is a major benefit of an air source heat 
pump, which is available for most buildings and can be used for heating and cooling. However, 
the capacity of an air source heat pump is small, while the temperature of the heat source/sink 
is fluctuating. In addition, the system needs defrosting and auxiliary equipment for heating at 
the full load. 
Owing to low pollution, high energy efficiency, low maintenance cost, and easy 
operation, ASHPs have been adopted for building heating/cooling [26]. However, the coil 
surface of outdoor heat exchanger will be frosted especially in a cold climate, which will 
decrease COP of ASHP, thus leading to ASHP shutdown. Zhang et al. [26] studied the 
performance of ASHP used for heating in the coldest region of China, and drew a conclusion 
that the COP could be acceptable if the indoor and outdoor air temperature difference could 
be controlled within 41℃. A common solution is reverse cycle of defrosting, the reverse cycle 
is needed to defrost so that it affects thermal comfort and needs more energy and time for 
defrosting [27]. Many researchers have made experiments to overcome this problem. Jiang et 
al. [28] proposed a novel non-frosting air source heat pump system (NASHP) through a 
change of spray solution, defrosting in a timely and efficient way and enhancing heat transfer. 
Wang et al. [29] developed a heat pump system, which can avoid frost. Combined with energy 
storage, it can not only avoid frosting but also supply constant heat in a cycle mode. 
The ground source heat pump has the advantages of high efficiency, low energy 
consumption, low maintenance cost, and energy saving, which is suitable for different heat 
emitters. However, the installation cost and investment are higher compared with the 
conventional system. Large space is needed for GSHP system combined with low temperature 
heating. 
The comparison of GSHP technologies from loop type heat source and working depth 
is shown in Table 2.3 [30]. The loop system of the ground source heat pump can be divided 
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into a vertical loop system and a horizontal loop system [31]. The benefits of ground water 
heat pump (GWHP) are low cost, and easy to install. In addition, it takes up a small space. 
However, the maintenance cost is high due to the fouling corrosion in pipes and equipment. 
The surface water heat pump (SWHP) also has the advantages of low cost because it can 
save money on digging cost. Moreover, the pumping energy requirements and maintenance 
cost are low. However, it faces some problems. The coil may be damaged in public lakes and 
the water temperature is fluctuant due to the weather especially in winter. Regarding ground-
coupled heat pumps or closed loop system (GCHP), the pumping energy is also low, while it 
lacks a stable heat source and is variable in terms of COP under the heating mode.  
Table 2.3 GSHP technologies comparison [30] 
Category Loop type Heat source Heat source recharge Typical working depth(m) 
GWHP Open loop Ground water Geothermal 6-100 
SWHP 


















A district heating heat pump integrated with drinking water network was installed in 
Milan with the benefits of inhibiting bacteria growth, low risk of water pollution and fouling 
problems as well as stable water mass flow [32]. Zamfirescu and Dincer [33] developed a 
high-temperature heat pump with mechanical compression by organic fluids, which used both 
waste heat and waste matter as the heat source due to a temperature difference of about 
50 °C. The ground source heat pump was widespread in huge energy consuming countries 
like China due to the high efficiency and low carbon emission [34]. 
There are some other heat pump technologies to supply heat load such as heat pump 
combined with solar energy called hybrid heat pump system, which can save 52% of energy 
monthly for heating compared with traditional space heating [35]. It was obtained that the 
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average COP of a combined solar heat pump system reached 3.7 during the heating season 
[36]. Dai et al. [37] investigated a solar assisted ground source heat pump system (SAGHPS), 
which can decrease the duration of soil recovery with the help of solar thermal collector. Ma 
et al. [38] analysed a solar-ground water heat pump unit and concluded COP of heat pump 
and overall system increased as the solar fraction rose. Wang et al. [39] developed a doubled-
stage coupled heat pumps (DSCHP) for heating, which is suitable for cold regions.  Lund and 
Trygg [40] analysed the feasibility and economical efficiency of using a large scale heat pump 
in district heating and concluded the heat pump would be widely used for 100% renewable 
energy supply in the future. Although the heat pump is quite cost-efficient, it is easily influenced 
by power supply and difficult to combine with other heat sources like solar energy and waste 
heat from COP [41]. 
2.2.3 Renewables 
Renewable district heating has been introduced all over the world, which mainly 
focuses on solar energy, geothermal heat and biomass. 
The solar energy can be used to supply domestic water like washing at first. With the 
development of heating technology, soar energy used for space heating attracts public 
attention. Solar energy has a lot of advantages as follows [42]. 
i. Solar energy can reduce energy consumption. 
ii. Solar energy can use as a stand-by heat source to supply peak heat load. 
iii. Solar energy can be used everywhere with some limitations at high latitudes. 
iv. The price of solar energy can be predictable and does not depend on the future 
of other energy prices like coal, oil and natural gas. 
v. Solar energy is environmentally friendly. 
However, the solar heating is limited by the availability of ground and rooftop space for 
installing solar collector installation. The high investment cost should be taken into 
consideration. 
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Solar energy has been used widely in China, accounting for 70% of the total solar 
collectors installed in the world, for solar energy resource is abundant, with government 
subsidies. At first solar energy was used to supply domestic hot water for bath and shower, 
and then used for heating and cooling due to the development of technology. Zhai, Yang and 
Wang [43] studied the performance of a solar-powered floor heating system, with the COP of 
19.76 and solar fraction of 56%. Zhai and Wang [44] also investigated the cost of solar energy. 
The payback period for domestic hot water, heating and cooling could be 2 years and 5-8 
years respectively. A tri-generation system for heating, cooling, and power generation was 
proposed by Zhai et al. [45], increasing energy efficiency by 58% and exergy efficiency by 
15.2%. It used solar energy as primary energy and the natural gas boiler as auxiliary heat 
source. Zhao et al. [46] proposed a novel heating system combining solar Kang system with 
a solar heating system, which avoided auxiliary power and reduced the area of solar collector 
and energy. The solar fraction of this system can reach 97%. The solar technology for heating 
also has been developed in other countries. Bauer et al. [47] compared the diffidence of solar 
district heating between Spanish and Polish with seasonal thermal energy storage. Verma and 
Murugesan [48] discussed the performance of a solar collector combined with a ground source 
heat pump system with energy storage, increasing the total COP of the system by 23%. Lizana 
et al. [49] put forward solar LCE/DH system with biomass boiler as the heat production unit. 
When solar energy is not enough for heat demand, the biomass boiler will work as an auxiliary 
heat source for heat supply to fulfil heat demand.  
The direct use of geothermal energy for heating can involve much lower quality 
resources compared with the geothermal generation of power. There is an abundance of 
geothermal heat, however, the limitation is the city centre location. The direct district heating 
can only access the heat flow under or beneath the city. The potential is relatively low 
compared with other renewable heat sources [50]. The development of the geothermal heat 
pump has been described in Section 2.2.2. 
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The biomass energy available for district heating can be divided into fuelwood, energy 
crops, agricultural residues, forestry residues and organic waste [50]. The biomass can be 
used not only for heat supply but also in power generation and industry [51]. The biomass for 
district heating in the future is shown in Figure 2.2. Denmark has already used biomass energy 
for district heating. However, much of this fuel comes from other countries due to the lack of 
biomass feedstock. On the other hand, Japan and Switzerland benefit from forests and 
residues also can be used to supply heat. The biomass energy provides a significant potential 
for district heating supply. 
 
Figure 2.2  Primary Biomass supply potential for district heat production in 2030 [50] 
 
In Sweden, the transition from coal and oil to biomass energy for district heating 
includes three steps. In the first step from the 1970s to the 1980s due to the oil crises, oil-fired 
boilers were substituted by co-firing boilers with coal or oil. In 1980, the first batch of oil-fired 
boilers in CHP were converted to biomass in Växjö [52].  As a result, in the second step was 
that wood pellets were utilised for heating from the 1980s to avoid energy tax. There were 
several heating technologies using biomass [53]. A small-scale pellet heating system (SSPHS) 
became an attractive technology in the 2000s [16]. Pellets are combusted in central heating 
boilers or stoves [54]. Central heating boilers can be divided into two-unit boilers and 
integrated boilers. Two-unit boilers consist of a pellet boiler and a standard boiler. The burner 
is part of the boiler with embedded pellet storage in an integrated boiler. SSPHS has such 
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benefits as lower cost and shorter payback time compared with heat pumps and in lower 
annual fuel cost compared with district heating. However, the system also should be a 
hydronic system. To discharge exhaust gas, the chimney is also needed. There is also a need 
for space to store pellets. The third step involved the investment in new biomass-fired CHP 
plants. All biomass CHP plants applied traditional steam technology with boilers, condensers, 
and turbines [52]. In 2009, a biomass-fired CHP with a capacity of 85 MW electricity and 145 
MW heat was built in Södertälje. The power-to-heat ratio was 0.59, and the surplus 55 MW of 
heat was supplied by flue gas condensation. The largest CHP plant was built in Stockholm in 
2016, with a capacity of 130 MW electricity and 280 MW heat. The power-to-heat ratio 
decreased to 0.46 and flue gas condensation recovered 80 MW of heat [52]. In other countries, 
biomass boilers were always used for heating. Sartor, Quoilin and Dewallef [55] estimated the 
potential energy saving and environmental performance of CHP biomass plant for district 
heating in Belgium. Noussan et al. [56] proposed a biomass-fired Organic Ranking Cycle(ORC) 
unit combined with a heat storage system in Italy, increasing the total efficiency up to 8.6%. 
Chasapis et al. [57] came up with a hybrid solar-biomass heating system in Greece, which can 
be connected with conventional heat emitters. 
The biomass boiler study is based on a direct system, which provides hot water directly 
through biomass combustion. The indirect system will use heat exchanger, which can be 
considered in a thermal storage system. It is assumed that the biomass boiler has sufficient 
oxygen during combustion, and all the carbon is generated into CO2 and the water moisture 
generated can be liquefied to improve the system efficiency. However, the efficiency of 
biomass boiler can be influenced by the system load factor. Boiler efficiency has a general 
relationship with system efficiency and its load factor, where the load factor is the ratio of 
system output to its maximum output capacity. The boiler efficiency will be significantly 
reduced when the  load factor is less than 30% [58].  
Biomass heating technology has disadvantages like efficiency, emission, maintenance 
and more space demand. Another problem is the confusion of the biomass energy for 
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combustion due to the lack of fuel standardisation. However, these disadvantages can be 
mitigated by advanced technology, optimal design and high quality of fuel (wood pellets), 
which can lead to low emissions. Biomass energy is extensively utilised in old boilers or 
heating system is operated and maintained inappropriately, leading to poor indoor quality and 
health risk. So the quality of such a system and the fuel attract public attention [53]. 
Overall, the potential for increasing renewable energy use in district heating is 
significant. There are a lot of barriers during applying the renewable fuel in district heating as 
Table 2.4 shows 
Table 2.4 The barriers for applying renewables in district heating. 
Key Barrier Detail problems 
Financing A large upfront investment cost of district heating projects 
 
Resource availability and cost 
Biomass transport logistics and cost; 
Storage capacity due to inflexible renewables; 
Uncertain resource availability and environmental impacts; 
Constraints imposed by the urban 
environment and the state of the 
existing network 
Renovation of existing pipework; 
Appropriate design of new subsystems; 
Expanding the network; 
 
Policies and regulations  
Many of these concepts are new and are not adopted; 
Permitting procedures related to land use and drilling rights are inefficient 
 
2.3 Heat networks 
2.3.1 Insulated pipework 
Heat networks are extremely important to heating strategy and have the possibility of 
helping buildings and industry decarbonise. Insulated pipe network transports energy from 
source to end-users, and the materials and thermal insulation of pipes impact the pipe 
reliability and energy loss. Pipes can be categorised into rigid pipes and flexible pipes.  
For rigid pipes, the high density polyethylene (HDPE) casing pipe has stagnated in 
recent years, and researchers have made some progress on thermal oxidation, slow crack 
growth and rapid crack propagation (RCP) [59]. Smidt and Hansen investigated the oxygen 
induction time and estimated the life of pipes from 100 to 200 years [60]. Polypropylene 
variants and one polyethylene grade prepared for blow-moulding applications were studied by 
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Thörnblom et al. [61]. Nilsson et al. [62] claimed that HDPE grades were not influenced by 
RCP during temperature changes. Regarding thermal insulation, the lower thermal 
conductivity materials were studied to reduce heat loss. Polyurethane (PUR) foam was 
abandoned due to chlorofluorocarbons (CFC). Then, cyclopentane was considered a better 
alternative. Due to higher vapour pressure and foam containing more gas, HFC-365mfc was 
much competitive than cyclopentane [63]. However, this gas may cause global warming. The 
properties of PET (polyethylene terephthalate), aerogel blankets and vacuum insulation 
panels (VIP) have been studied as alternatives [64, 65]. 
Flexible pipe systems can be divided into metal and plastic pipes. Flexible pipes have 
the benefits of reducing installation cost because they can be coiled, free from the need for 
joints. In addition, straight trenches are not needed. On the other hand, the pressure of the 
transporting medium is not so high like steel pipes. Pipes are usually made from copper, thin-
walled steel, cross-linked polyethylene (PEX) or polybutylene (PB). PEX (Figure 2.3) was used 
in Sweden in the 1970s with the problem of oxygen diffusion and the benefits of high chemical 
resistance, simple connecting process and higher temperature resistance to above 95℃ [66]. 
 
Figure 2.3 The construction of PEX pipe. 
 
To solve this problem, the Swedish GRUDIS concept was proposed in1980s. There 
was no abnormal damage frequency although the frequency of couplings damage was slightly 
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higher [67]. Compared with PEX systems that need couplings due to unweldable properties, 
PB is weldable with good temperature resistance [68]. PE foams and mineral wool are widely 
used for thermal insulation. The advantages, disadvantages and coefficient of thermal 
conductivity of steel pipe with PU foam, polymer pipe with PU foam and polymer pipe with 
PEX foam (Figure 2.4) are given in Table 2.5. 
Table 2.5 The properties of steel pipe with PU foam, Polymer pipe with PU foam and Polymer pipe with PEX foam [68]. 




(𝑊/(𝑚 ∙ 𝐾)) 
Steel pipe 
(Figure 2.4.a) 
Strong material and hard to 
damage; 
Larger dimension; 
Be able to withstand higher flow 
pressure and temperature; 
Joints needed every 6-12 m; 
Higher cost of excavation on laying 
pipeline; 
Only straight lengths possible; 
Corrosion problems and warning systems 
and additional polymer galvanized are 
needed; 




with PU foam 
(Figure 2.4.b) 
Excellent thermal insulation; 
No water ingress if the jackets 
are damaged; 
No thermal expansion; 
More flexible than steel; 
Less joints required due to long 
coil lengths; 
Less flexible than open cell 0.022 
Polymer pipe 
with PEX foam 
(Figure 2.4.c) 
Excellent flexibility; 
Easy to install and connect; 
Less joints required due to long 
coil lengths 
Thermal insulation needs improved 0.043 
 
 
(a) Steel pipe with PU foam   (b) Polymer pipe with PU foam     (c) Polymer pipe with PEX foam 
Figure 2.4 Three typical heating pipes [68]. 
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Pipes can be divided into single pipe (UNO pipe) and twin pipe (DUO pipe) as shown 
in Figure 2.5. Although the UNO pipe has the strength of no heat between supply and return 
pipe, the cost of two separate pipes is higher. The cost of DUO pipe is lower than that of two 
UNO pipes, though there is some heat transfer between supply and return pipe [68].  
 
Figure 2.5 Twin pipe and single pipe [68]. 
 
Berge, Adl-Zarrabi, and Hagentoft  [69] proposed the conception for hybrid insulation, 
where vacuum insulation panels are used together with polyurethane foam, as shown in Figure 
2.6. It reduces heat transfer between supply and return pipe. The hybrid system is composed 
of steel pipe and polymer for large district heating systems with high temperature steel mains 
and the installation of flexible polymer house connections. In addition, the polymer can also 
be used in branch pipes [70]. Bøhm and Kristjansson [71] studied the triple pipe with two 
supply lines and one return lines, the heat is supplied by smallest pipe in normal operation 
while the slighter bigger supply pipe is used for boosting when domestic hot water is needed. 
It was concluded that triple pipe reduced heat loss by 45% compared with a common pair of 
single pipes and by 24% compared with circular twin pipes with reduction of investment index 
by 21% [71]. 




Figure 2.6 Description of the hybrid insulation pipe concepts [69]. 
 
Olsen et al. [41] proposed a new DH pipe called AluFlex, which is a multi-layer pipe 
including PEX and aluminium. Its merits are smooth surface, long lifetime and tightness [41]. 
AluFlex twin pipe has lower carrier pipe dimension and casing pipe diameter compared with 
steel twin pipe under the same heat loss [41]. 
The type of heat network can be divided into radial systems, ring networks and meshed 
networks according to network size, location of heat source and houses as well as layout of 
road. The comparison of radial systems, ring networks and meshed networks are shown in 
Table 2.6. 
Table 2.6 The comparison of three types of networks. 
Network Radial systems Ring networks Meshed networks 
Advantages 
Simple network planning; 
Network type always possible; 
Integration of multiple heat 
sources; 
Increased supply security; 
Optimum supply security; 
Extension possible; 
Disadvantages 
Future extension only possible 
to a small extent; 
 
Only possible with suitable 
network topology; 
High cost,  
Design mostly for large 
networks; 
 
Extending pipe lifespan and making a safer network will be considered in the future. It 
can be concluded from Table 2.7, the lower the supply and return temperature for the same 
heat load, the smaller pipe size and heat loss. So low supply and return temperature can 
reduce pipe size, hence lowing capital cost. The LTDH system will be used widely in the future, 
as discussed in Chapter 2.6.  
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82/71 450 110 35.2 - 10°C soil temperature; 
1300m pipe length; 
0.6m installation depth; 
2400 operating hours; 
80/60 450 90 26.4 25% 
80/50 450 75 20.3 43% 
 
2.3.2 Heat Interface Units (HIU) 
The district heating system can be divided into direct connection and indirect 
connection according to the connection type between the DH network and building. In 
indirection connection, a heat exchanger is necessary, which is used for hydraulic separation 
between the primary circuit (DH network) and the secondary circuit (space heating). 
The most common heat exchanger is plate heat exchanger due to its compact 
geometry, less surface area and highly efficient heat transfer. Figure 2.7 displays the 
construction of plate heat exchanger with flow distribution and main dimensions of plates [73]. 
It includes several plates with gasket, which are pressed together in a frame to make them 
compact, light and easy to clean [74]. 
 
  
Figure 2.7 The construction of plate heat exchanger with flow distribution and plate main dimensions [62]. 
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Plate heat exchangers also can be categorised into the brazed plate heat exchanger 
(Figure 2.8) and plate heat exchanger with gaskets. Brazed heat exchangers are steel units 
and cannot be dissembled, so it’s difficult to internally inspect them. Although the brazed heat 
exchanger is smaller than the gasketed heat exchanger, the surface area for the brazed heat 
exchanger is higher. In addition, the brazed heat exchanger has the advantages of reliability 
and lightweight. However, the problem is low internal water, which may cause temperature 
problems if the regulating system is not fast enough. It is necessary to use strainers and to be 
flushed occasionally to avoid fouling [75]. There are several types of heat exchangers like 
shell and spiral tube heat exchanger, plate fin heat exchanger and spiral heat exchanger [17, 
76-78]. 
 
Figure 2.8  Brazed plate heat exchanger. 
 
2.3.3 Heat emitters 
Heat emitters are used in buildings to supply heat for end-users, and the types of heat 
emitters are various. Radiators, floor heating and fan coil unit are most used in the heating 
system as Figure 2.9 shows.  




(a) Radiator [79]                                        (b) Floor heating [80]
 
(c) Fan coil unit [81] 
Figure 2.9 Three types of emitter 
 
Menéndez-Díaz et al. [79] analysed the stoneware-covered emitter, heating up more 
slowly than the aluminium radiator. Zhou and He [80] studied the performance of low-
temperature radiant floor heating system with polyethylene coils and capillary mat under the 
floor. Wang et al. [82] explored novel floor heating equipment, with lower supply temperature 
at 30-35 °C. Atienza Márquez et al. [83] used fan-coil and radiant floor as heating units and 
made a comparison. The advantages of floor heating are lower energy consumption and 
higher thermal comfort, while the disadvantage is higher thermal mass of the floor which may 
cause additional energy consumption due to thermal inertia. Compared with floor heating, the 
temperature adjustment of fan coils is shorter when it is working. However, the floor heating 
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temperature is lower than the water temperature. Myhren and Holmberg [84] studied the 
pattern and thermal comfort of floor heating and concluded that the installation was costly and 
difficult especially in renovation of old buildings compared with radiators. However, it improved 
indoor climate and could lower the temperature diffidence in room due to low temperature 
compared to radiators. Hasan, Kurnitski and Jokiranta [85] also researched the vertical 
temperature difference between floor heating and radiator in the water heating system, and 
concluded that the vertical temperature difference between two methods was small. In addition, 
floor heating can save living and working space due to installation under the surface using 
ducts without production of noise [86]. 
 
2.4 Thermal storage 
Thermal energy storage (TES) is utilised to store energy and then later used for heating 
and cooling. Thermal storage has been widely applied to integrate more renewable energy, 
balance fluctuating resources and improve energy efficiency [87]. Figure 2.10 shows the 
charging process from heat source to TES and the discharging process from TES to users 
[88]. 
 
Figure 2.10 The Operating principle of thermal energy storage [88] 
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Thermal energy storage can be classified into sensible energy storage, latent energy 
storage and chemical storage as Figure 2.11 shows. Compared with latent heat storage and 
chemical storage technology, sensible heat storage technology is the simplest method. 
 
Figure 2.11 Thermal energy storage methods. 
 
 The materials of sensible heat storage can be divided into liquid and solid materials, 
where liquid materials are commonly used. Water is the best choice due to high heat capacity 
as Figure 2.12 shows. 
 
Figure 2.12 Properties of liquid sensible heat storage materials [80]. 
 
Table 2.8 shows the capacity, power, efficiency and cost of storage technologies. 
Although chemical reaction has high capacity and efficiency, the cost of chemical reaction is 







Density (kg/m3) Specif heat capacity(J/kg K)
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general, water is the best heat storage medium because it is inexpensive and has no risk 
deriving from the use of toxic materials, with high specific heat [87]. 
Table 2.8 The properties of different storage technology [87]. 
Storage Technologies Capacity (kWh/t) Power (MW) Efficiency Storage Time Cost (cent/kWh) 
Hot water 10-50 0.001-10 50-90% day-year 0.01 
PCM 50-150 0.001-1 75-90% hour-week 1-5 
Chemical Reaction 120-250 0.01-1 100% hour-week 1.8-4 
 
2.5 Trends of district heating technologies 
Table 2.9 shows the transformation of the district heating system from 1980 to today. 
The heat carrier for district heating was steam until 1930, and the first generation used pipes 
in concrete ducts, steam traps and compensators. This technology adopted coal steam boilers 
or some CHP plants to replace individual boilers so that the accidents from boiler explosions 
were fewer than before and it increased thermal comfort. 
Table 2.9 Summary of the first three Generation [89]. 
 1st Generation 2nd Generation 3rd Generation 
Time From 1880 to 1930 From 1930 to 1980 From 1980 to 2020 
Property of pipe In situ insulated steel pipes 
In situ insulated steel 
pipes 
Pre-insulated steel pipes 
Transport fluid steam 
Pressurized hot water 
mostly over 100 °C 
Pressurized hot water 
often below 100 °C 











Apartment and service 
sector building in the city 
Apartment and service 
sector building in the 
city 
200-300𝑘𝑊ℎ/𝑚2 
Apartment and service sector 






(+90 °C) using steam or 
water 
High-temperature 
radiators (90 °C) using 
district heating water in 
direct or indirect system 
Medium-temperature radiators 
(70 °C) using district heating 
water in direct or indirect 
system 
Heat production  Steam boilers 




The risk of steam explosions and heat loss, however, increased substantially. The 
second generation used pressurised hot water as the transport fluid, and the temperature of 
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hot water mostly was above 100℃. Concrete ducts, tube-and-shell heat exchangers and 
valves are essential components in pressurised hot water pipes. Better comfort and fuel saving 
can be achieved by using coal and oil based CHP or some heat-only boilers, but the 
disadvantage of this system is the lack of heat demand control. From 1970s Scandinavia 
developed the third generation which also used pressurised hot water. Nevertheless, the 
temperature of water was below 100 °C so that it was featured by prefabricated and buried 
steel pipes as well as plate heat exchanger. It was used widely due to the security of supply 
and policy, and there were two oil crises so that a new technology with energy efficiency was 
needed to overcome dilemmas [16, 89, 90]. A large-scale CHP, biomass and waste boiler 
were used to produce heat as well as fossil fuel boilers, which was combined the existing 
heating facilities with a mixture of renewable energy and conventional fuels at a reasonable 
cost [91]. 
Nowadays, the focus of district heating shifts to a more sustainable system with less 
carbon emission [92]. The LTDH system is introduced, which will be described in detail in 
Chapter 2.6.  Figure 2.13 shows community energy diagram for heating, cooling and electricity 
by oil, biomass, natural gas, coal and renewable energy source with thermal storage, which is 
applied in the next decades. 
 
Figure 2.13 The diagram of district heating and cooling system [92]. 




District heating has evolved considerably over the last couple of years [92]. Some 
respective countries are chosen to describe in terms of latitude and climate, namely China, 
Russia, America, EU countries. 
The district heating development in China increased significantly by 10-15% a year 
which has been the highest growth rate since 1998. The total building area served was 5.1 
billion square meters in 2012 as Figure 2.14 shows, it is expected to rise to about 7 billion 
square meters in 2020 [93]. This expansion can primarily results from pollution and population. 
China has the second largest installed capacity of CHP plants across the world. CHP supplies 
30% of heat demand, and the figure is expected to double in 2020 [92]. 
 
Figure 2.14 The expansion of DH with steam and water as carriers from 2004 to 2012 [92]. 
 
Russia has the largest district heating system, containing 500 large CHPs and 6500 
large-scale boilers and 20000 km networks. 30% of heat is supplied by CHP and 45% by heat 
boilers, while the remaining is produced by industrial and other heat sources [94, 95]. District 
heating system supplies 70-80% of heat demand, serving 70% of population in the entire 
country [95]. 
America had 600 district heating schemes with the installed thermal capacity of 16.6 
GW. The number of these schemes located in the city centre was 106, of which 55 had CHP-
DH networks while the remaining scheme were found in campuses and hospitals. Nowadays, 
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the USA has an installed capacity of about 82 GW, of which 80% is related to the industrial 
sector. The district heating in USA unlike EU countries, is mostly supplied to commercial 
buildings instead of residential buildings [92].  
The district heating in Europe is comparatively well evolved. East Europe and 
Scandinavia have a long association with district heating, while central Europe has developed 
the DH with sustainable heating sources [92]. Denmark developed the DH technology and 
became the world leader due to the oil crisis in 1970. Denmark had 285 decentralized CHP 
plants, covering 46% of heating demand of the entire country, 50% of district heating was 
supplied by large scale CHPs and 20% was supplied by small scale CHPs [96]. There were 
16 large decentralized CHP plants and 130 plants with a backup boiler [97]. District heating 
networks in Finland started in the early 1950s [98]. The total demand for heating was about 
37 TWh, 36.5% of which was CHP and 20% was renewable energy [92]. Nowadays, district 
heating in German coveres 14% of space heating demands, which is expected to reach 25% 
of electricity generated via CHPs [92]. 
The percentage of applying DH systems in EU countries is shown in Figure 2.15. 
Iceland, Latvia, Denmark, many Eastern European countries turn to district heating, but district 
heating in the UK is not popular. 
 
Figure 2.15 EU countries participation in DH systems [91]. 




 For the UK, there were several buildings needing to be replaced with a high population 
growth rate from 1950 and 1975. The district heating system was developed to solve the 
heating problems and reduce pollution. The heat was supplied by central boilers which used 
fuel oil due to the low price until 1970. Then, the heat source was converted to natural gas. 
District heating was being developed from 1960 to 1970. Because the heat meters were not 
installed, the heat was wasted. Moreover, users were not satisfied with the thermal comfort. 
As a result, this system was replaced by individual gas-fired boilers. UK has achieved natural 
gas from the North Sea since 1970, and the individual natural gas heating became the main 
choice. As a result, the gas boilers contribute to 85% of domestic heating now, while district 
heating accounts for 2% [99]. There were some developments in district heating. For example, 
National Heat Boarder made a report about large scale district heating in 1979. In 1986, 
Southampton began to use CHP plant alongside absorption chillers and backup vapour 
compression machines with the thermal heat for heat supply and cooking in the city [100]. In 
1987, Sheffield established one of the oldest district heating networks in the UK, which was 
continuously expanded until the present. The main fuel source was a waste incinerator, 
covering 2800 homes and 140 public and private buildings. The Nottingham district heating 
scheme originated from 1989 to the present, which covered 5000 domestic consumers. In 
1992, the district heating and cooling system was established in London. In Scotland, the 
Aberdeen Heat and Power scheme was set up on a small scale, which is continuing to expand 
nowadays. The University of Warwick installed gas CHP plant in 2001 and extended the 
network from 16 km to 19 km in 2014, which supplied 60% of its electricity, heating and cooling 
demand. In 2010, the Queen Elizabeth Olympic Park District Energy Scheme was developed, 
which was one of the largest combined cooling, heating and power facilities in the UK. The 
heating demand was supplied by a 3.5 MW woodchip biomass boiler, three 3.3 MW gas-
engines and one 80MW backup hot water boiler. The cooking demand was covered by 4MW 
absorption chillers. In 2016, Gateshead Council together with Parsons Brinckerhoff used 2 
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MW gas CHP engines to supply 35 GWh of electricity per year. The University of St Andrews 
improved district heating design and lowered heat loss in 2017, which was one of the largest 
biomass and district heating schemes in Scotland [100].  
 
2.6 Low Temperature District Heating technology 
2.6.1 Concept of Low Temperature District Heating  
The trend throughout the three generations has been to lower energy consumption, 
temperatures and carbon emissions, so the Low Temperature District Heating (hereafter 
referred to as fourth generation district heating 4GDH) has been proposed. The aim of heating 
in Denmark is to fulfil heat supply by completely relying on renewable energy in 2050. To 
achieve this objective, in 2007, the concept of LTDH was proposed in Denmark in the project 
of development and demonstration of low-energy district heating for low-energy buildings. 
Then, the Energy Technology Development and Demonstration Programme (EUDP) applied 
LTDH in Lystrup in 2008. In 2010, the next step of EUDP was to improve the concept of LTDH 
and renovate old buildings for LTDH [101]. 
Unlike the above three generations, the 4GDH integrated fluctuating and intermittent 
renewable energy source with a conventional heating source to supply heat for users [89]. 
The supply and return temperature of this system are usually set at about 50/20 ℃, which 
decreases significantly heat loss of networks compared with the 3GDH due to the temperature 
difference. There is a much higher potential for using renewable energy. Pre-insulated flexible 
(possible twin) pipes are widely used in LTDH system, with the installation of floor heating and 
low temperature radiators in the indirect system. Heat production derives from CHP together 
with renewable energy (e.g. biomass boiler, solar energy and heat pump). The 4th Generation 
District Heating entails heat storage to overcome the fluctuation and intermittency of 
renewable energy such as solar energy.  
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The LTDH has some additional benefits because of the low supply and return 
temperatures in distributions, which can be summarised as follows [89]: 
i. higher power-to-heat rate in steam CHP rate 
ii. higher coefficient of performance in heat pump 
iii. higher heat recovery from gas condensation 
iv. higher utilisation of industrial and geothermal heat sources 
v. higher conversion efficiency in central solar collector 
vi. higher capacity in thermal energy storage if they can be charged to a 
temperature above the ordinary supply temperature 
A comparison among the four generations of district heating technologies from 
temperature level, energy efficiency and heat production is shown in Figure 2.16. 
 
Figure 2.16 The comparison between 4th generation district heating and the previous three generations [89] 
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Dalla Rosa and Christensen [102] made a cost comparison between LTDH and ground 
source heat pump for heating energy-efficient buildings and concluded LTDH relying on 
renewable energy was better from environmental and economic point of view. The distributed 
heat loss in LTDH was halved and the pipe size was reduced, which contributed to lowering 
the investment cost. Olsen et al. [41] calculated social costs including maintenance and 
operation cost, investment and re-investment cost, and taxes for LTDH, ground coil heat pump 
and air-to-water heat pump in a 30-year period. The results show LTDH is more competitive 
than the heat pump. 
Østergaard and Lund [103] introduced an absorption heat pump using low temperature 
geothermal energy for heating in Frederikshavn, Denmark. Zvingilaite et al. [104] studied the 
Low Temperature District Heating with the supply temperature of 40 °C, using a micro-heat 
pump for domestic hot water, which is competitive than the electrical heater due to the energy 
price and future socioeconomic costs. In China, there is substantial industrial waste heat, 
which brings a huge potential for LTDH. Fang et al. [105] proposed different systems according 
to terminals to make return temperature below 30 °C or even 20 ℃. 
2.6.2 Space heating and domestic hot water preparation with LTDH 
Owning to the merits of LTDH system, it has attracted public attention. However, there 
are some obstacles to realise the LTDH system, which supplies heat for domestic hot water 
and space heating. 
 One of the obstacles is Legionella in domestic hot water. It is generally believed that 
Legionella may increase significantly temperatures from approximately 20 °C to 50 °C Table 
2.10 shows the temperature standards for designing hot water system in different countries. 
Table 2.10 Examples of temperature used for design hot water system [27] 
Country Denmark Finland Korea Russia United Kingdom Poland Germany 
Hot water (℃) <60 55 55 50 65 55 55 
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The supply temperature of LTDH is about 50-55 °C, and many solutions have been 
developed to solve this problem. According to German standard DVGW, there will be no 
Legionella risk even the temperature below 50 °C, if the overall volume of the DHW system 
excluding heat exchanger is below 3L [106]. Decentralized substations installed in each flat 
(Figure 2.17) were proposed by Yang, Li and Svendsen to eliminate Legionella risk with a 
small volume of domestic hot water, while lower return temperature was restricted by high-
temperature bypass flow [15]. 
 
1. Ball valve 2. Thermostatic valve  2’.Thermostatic valve with bypass function 3.Differential pressure 
controller 4.Strainer 5.Energy meter 
Figure 2.17 Connection of decentralized substation unit [15] 
 
Paulsen et al. used the original substation with 200L thermal store for domestic water 
and space heating [107]. The tank was used as a buffer tank to supply DH water as shown in 
Figure 2.18. There is no tank for domestic hot water, which can be heated in a heat exchanger 
if necessary. Although the Legionella can be avoided in this system, the large heat loss may 
occur. Another method was the use of AOT (Advanced Oxidation Technologies), which was 
not widely applied due to the significant investment and running cost.  




Figure 2.18 Principle of low-temperature DH substation with buffer tank for DH water [107] 
 
For space heating, it is an opportunity to lower supply temperature at about 50 °C in 
new building due to the insulated building envelope, floor heating and low-temperature 
radiators [108]. However, there are substantial old buildings which need more heating demand. 
Building envelopes are improved and original space heating systems are replaced by the low-
temperature system. It is a faster and cheaper method to change the space heating system, 
however, it cannot save energy. Insulation of roof and walls can improve the building envelope, 
but the cost is not accepted by householders [104]. Another typical method is to replace 
windows, which is appreciated due to the long lifetime, small investment and significant energy 
saving [108]. In addition, radiators, which are over-dimensioned design, are usually designed 
for more heat. It is beneficial to lower supply temperature and does not affect heat comfort for 
end-users.  
 
2.7 Policies and outlook 
The development of district heating is affected by the aspects of energy, climatic and 
local conditions, environment and heat demand. The policies of each country are different due 
to the impacts of these aspects. Meanwhile, the differences in problems and outlook faced 
exist in each country according to the aim and objective. 
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The objective of Chinese government was to increase the sustainable energy share to 
15% by 2020 and decrease the carbon emission by 40-45% compared to the values in 2005 
[109]. In 2015, ‘Intended Nationally Determined Contribution’ (INDC) document announced 
that the goal  was to peak its emission around 2030 and to lower the carbon intensity of GDP 
by 60-65% of the level in 2005  by 2030 [110]. Based on the previous research, the district 
heating could reduce 60% of heating consumption and 15% of cost at the current level [93]. 
The best choice to reduce the carbon emission and energy consumption and cover the heat 
demand is district heating [93]. However, the challenge for China is greenhouse gas emission 
and the competitiveness of district heating. 70% of people in China live in urban centres and 
face harmful air according to World Health Organization (WTO) [92]. This is why district 
heating technology is widely applied in China. A lack of control and monitoring equipment in 
suppliers and end-users is the main reason to cause the more waste heat, low response time 
and less flexibility of district heating technology compared to EU countries. 
The main drivers for the largest district heating in Russia were the policy before 1990 
and the climate [111]. Then, the way of heating was a boiler, which was based on the district 
heating grid due to plentiful fuels. The heating system was inefficient, with a high carbon 
emission. The aim of Russia in the energy efficiency strategy is to reduce the heat loss from 
20% to 10% by 2030 [112]. At the moment the biggest challenge will be that networks are too 
old. 60% of district heating networks were needed to be repaired and some pipelines were 
more than 50 years old [113]. The heat loss of some pipelines can reach 50% compared to 
the 5-10% heat loss in EU [113]. Another challenge is a lack of market competitive in networks, 
and most networks are state-owned. The reform from heat source, end-users and networks is 
required and government financial support is also needed [114]. 
US federal government set an aim of raising CHPs capacity by 50% to 122GW by 2020 
[115]. 75% of the states in the US have finical incentives to develop CHP schemes with a 
sustainable system. The US promotes DHC to the roadmap of district heating. At the moment 
the main challenge of district heating is high investment and low payback rate. The 
Review of District Heating (DH) system 
42 
 
government will introduce heat tariffs, population awareness and specific DH policies in the 
future [92]. 
In 2009 the European Parliament presented long term targets in different areas of 
energy policy [116]. Firstly, the greenhouse gas would reduce 20% by 2020 and 80-90% by 
2030 compared to 1990. The next one is that the renewable technology would generate 20% 
of final energy demand by 2020 and 30% by 2030. Finally, the energy efficiency target is to 
decrease 20% of energy consumption by 2020. 
Each EU member has respective policy and outlook to achieve the target of EU policies. 
The national regulation on promoting DH technology in Denmark was presented after the 1970 
oil crisis. The aim of Denmark is to be independent of fossil fuels by 2050 [117]. It can be 
achieved by the following steps. Firstly, the large heat pump installed in the district heating 
system adopts the excess power produced from the wine turbine. The next one is that is the 
large-scale coal-fired power plants are converted to biomass and a smaller part of DH is 
covered by CHP and renewables.  Finally, the old building needing to be retrofitted with high 
insulation and more low energy should be constructed [117]. The biggest challenge is a lack 
of competitiveness in DH because most of the generation plants are owned by local authorities 
and prices are highly regulated. The Finnish government had the same objective of fossil-fuel 
free like Denmark. Most of centralized heat production plants based on fossil fuel were 
transformed to use biomass and wood as a heat source [98]. The challenge is security of 
operation by wood and biogas as a heat source and the roadmap of heating in the future with 
renewables and heat pump is not defined [118]. Germany government set the aim to reduce 
80% of greenhouse gas by 2020 compared to the levels of 1990 and fulfil 100% of renewable 
energy system by 2050 like EU directive [119]. The capacity of CHPs increases by 100% by 
2020 according to the CHP and DH laws [120]. Unlike other EU members, German promoted 
decentralized small-scale heating sources to a regional grid. German policies advocated 
excess electricity-driven heat pump. The challenge is high investment and operation control. 
The policy of the Polish government was to improve the efficiency of DH heating, decrease 
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greenhouse gas emission and promote the CHPs instead of large scale boilers [121]. In the 
future, the heat sources will transform from traditional fuels to renewable energy like biomass, 
waste industrial heat and solar energy. The heating end needs upgrading like installing meters 
and retrofitting buildings. The problem encountered is keeping a completive price. 
Under the Climate Change Act 2008, the UK government has committed itself to 
reducing greenhouse gas emission by more than 80% by 2050 and achieving net zero 
emission across the country [122]. The percentage of district heating used by households in 
the UK is very small.  It is too hard for the government to achieve the objectives. As a result, 
the government announced other policies related to energy efficiency, low carbon heat and 
low carbon gas. The polices can be divided into the following aspects: 
i) Incentives. The UK government has launched an £ 860 million Renewable Heat 
Incentive (RHI), making payments to households available from October 2012. The 
Department of Energy and Climate Change (DECC) says the scheme is expected to increase 
green capital investment by £4.5 billion by 2020, and increase the number of industrial, 
commercial and public sector renewable heat installations sevenfold by 2020 [123-126]. The 
Renewable Heat Incentive (RHI) is a government financial incentive to promote the use of 
renewable heat. By switching to heating systems that use renewable energy, it can help the 
UK reduce its carbon emissions [127]. The Renewable Heat Incentive has two schemes - 
Domestic and Non-Domestic [123]. They have separate tariffs, joining conditions, rules and 
application processes. 
 ii) Obligations. The Renewables Obligation (RO) came into effect to support 
mechanisms for large-scale renewable electricity projects. As a result, the proportion of 
electricity from renewable sources was increasing [128]. Renewable Transport Fuel Obligation 
was published in 2012 to support the production of biogases which can be injected into the 
gas grid [129]. In 2013, the government provided the Energy Company Obligation (ECO) 
scheme, which drove the improvement of energy efficiency in fuel deficient households [130].  
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iii) Regulation. The government introduced technology regulation to ask the boilers to 
be installed in the new buildings or existing boilers should be replaced by the condensing 
boiler with 15-30% higher efficiency [131]. Then, the Boiler Plus regulation was introduced in 
2018 to strengthen boiler efficiency, which requires all the boilers have a minimum efficiency 
of 92% [132]. The Part L of Building Regulation was established to specify the minimum 
energy performance requirement for new and existing buildings, which decreased the heat 
demand of buildings [133]. In 2015, the minimum energy efficiency standard was provided to 
increase energy efficiency, which prohibited the lands from letting properties if the rate was 
below EPC (Energy Performance Certificate) B and C [134]. 
iv) Taxation and levels. Both electricity and gas are subjected to taxation and a 
reduction of VAT [135]. Most incentives and levels are only applied to electricity, including 
Renewable Obligation, capacity payments, and the carbon price floor. Levels for smart meter 
payments, the Energy Company Obligation and the Warm Home Discount are shared between 
gas and electricity [135]. 
In addition, there were some other projects to support the aim and objectives. Heat 
Networks Deliver Unit (HNDU) was launched in 2013 to provide funding and specialist 
guidance for local authorities to develop the heat networks [136]. In 2018, the UK government 
strengthened the funding to propose Heat Networks Investment project (HNIP), which 
invested £ 320m of capital funding in heat network project through loans and grants. It can 
help to develop the heat networks market [137]. 
2.8 Summary 
An introduction to DH systems was highlighted in this chapter, providing main concepts 
and a detailed description of this technology. The analysis covered the ability of DH to make 
use of fossil fuels and renewable sources. In addition, the development of heat networks for 
the DH were described including insulated pipework, HIU and heat emitters. The comparison 
of different types of thermal storage were made from heat capacity and cost. Water is 
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commonly used in DH due to high heat capacity, low cost and non-toxicity. All these 
developments illustrated the potentials in the transition towards a low carbon economy. 
A detailed overview was provided about the actual heating sector from 1st generation 
to 3rd generation in the world and the relative market. It was assessed the DH penetration in 
Russia, China, USA and the EU energy market. To this extent, the case of UK among the 
others, was analysed more in details. A detailed description was provided about the current 
DH share. In fact, the DH technology is not popular in UK. 
This review identified the background necessary to introduce the concept of LTDH, 
which is the core of the present research and links DH technology to the UK actual and future 
context as this was one of the main drivers of the research work of this investigation. 
The policies in the world to release energy saving and low carbon emission were 
summarized, illustrating the role of DH systems in the transition towards a low carbon 
economy and 100% renewable energy system. The UK is recognised within the EU context 
as an emerging country for DH. District heating technology development and it became central 
in the national political agenda as one of the key technologies to decarbonise the UK heating 
sector. Finally, it was presented an outline of the barriers for the UK energy sector that limited 
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3 Energy demand assessment of the site: Case of Creative 
Energy Homes (CEHs) 
3.1 Introduction 
This chapter describes the use of dynamic thermal models to simulate the space 
heating and domestic hot water heating consumption and heating load for CEHs. 
In this study, EnergyPlus is a freely available dynamic thermal modelling tool which 
has undergone several revisions and the current version 9.1.0 was released in March 2019. 
The input data for EnergyPlus simulations is contained in a text file called the Input Data File 
(IDF). This enables the user to change sections of the input file and control these changes 
using a text editor or a third party such as IDF editor. 
SketchUp Euclid is a free and open-source extension for SketchUp that makes it easy 
to create and modify the geometry inputs for building energy models, for which it uses the 
EnergyPlus simulation engine and provides a user-friendly graphical user interface. In this 
study, SketchUp version 2018 (March 2018 release) and Euclid version 0.9.3 (April 2017 
release) were used to input the building geometries. The model created in SketchUp were 
then converted to the EnergyPlus IDF files, which were modified further using a text editor and 
the EnergyPlus IDF Editor to construct the final EnergyPlus model and run simulations 
The chapter starts with the description of modelling house construction system, 
heating and cooling system (section 3.2). Then in section 3.3, it describes the reason for using 
EnergyPlus and the Energyplus method. In section 3.4, the procedure for establishing models 
and the parameters like the thermal transmittance (U-value), heating and indoor temperature 
setpoint, internal heat has been defined. In section 3.5, the results of creative house are 
obtained, which then are analysed. Finally, 3.6 presents a summary of this chapter. 
 
Energy demand assessment of the site: Case of Creative Energy Homes (CEHs) 
47 
 
3.2 Site description 
3.2.1 Background 
The Creative Energy Homes project located at the Green Close on the University of 
Nottingham campus. Figure 3.1 shows the Creative Energy Homes site. There are 7 buildings 
in total that will utilise a range of renewable energy and micro-generation technologies, 
including biomass boilers, solar-photovoltaics, micro-wind, air source and ground source heat 
pump, solar thermal system. 
 
1—Mark Group House; 2—Nottingham House; 3—BASF House; 4—EON House; 5—Tarmac House 
(Code 6); 6— Tarmac House (Code 4); 7—David Wilson House 
Figure 3.1  The Creative Energy Homes site 
 
 The buildings on the site are named after the construction company that built them. 
Table 3.1 shows the name of each buildings of Figure 3.1. 
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Table 3.1 Year construction of buildings 
Building Number Building name  Year of construction  
1 Mark Group  2010 
2 Nottingham  2010 
3 BASF  2008 
4 EON 2011 
5 Tarmac (Code 6) 2010 
6 Tarmac (Code 4) 2010 
7 David Wilson 1999 
Two Tarmac houses are separately Code for Sustainable Homes (CfSH) level 4 and 
level 6. The Code for Sustainable Homes is an environmental assessment method for rating 
and certifying the performance of new homes, which covers energy, CO2 emissions, water, 
surface water run-off, materials, waste, health and well-being, management, pollution and 
ecology [138, 139]. The determination of CfSH can be defined by the CfSH credits. Table 3.2 
shows the construction example for CfSH credits. 
Table 3.2 The construction CfSH credits for Tarmac House code 4 and 6. 
Element Tarmac House code 4 CfSH credits Tarmac House code 6 CfSH credits 
External walls 3 3 
Floor 3 1.75 
Internal walls 2.45 2.45 
Roof 3 3 
Windows 2 3 
Total credits 13.45 13.2 
 
3.2.2 Construction and technology descriptions of the dwellings 
The building envelope acts as a climate moderator, which provides a balance between 
the heat gains and heat loss required to maintain a comfortable interior temperature. 
 Many of the seven houses are constructed by the Modern Methods of Construction 
(MMC), which was introduced to deliver more houses of better quality at a faster rate in the 
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last few years, most of which use lightweight materials like timber, lightweight steel frame[140]. 
As a result, the materials can produce highly insulated buildings with low-infiltration rates 
through the envelope [140, 141]. 
 Energy consumption on buildings is space heating, domestic hot water, cooking, 
lighting and appliances. Due to the weather of the UK, the cooling energy consumption is 
much less than heating [6]. The heating including space heating and domestic hot water 
accounted for 81% of total energy consumption. As a result, the heating and cooling 
technology is a significant factor to achieve energy efficient buildings. 
In addition, the CEHs installed many renewable energy and low carbon technologies 
to enhance the energy performance of the houses, some of them are listed in the Table 3.3. 
Table 3.3 Heating and cooling technology in CEHs. 
House Heating and cooling technology 
BASF 
Earth to air heat exchangers  
Biomass boiler 
Solar thermal system 
David Wilson 
Ground source heat pump 
Solar thermal system 
Gas boiler 
Eon  
Mechanical ventilation with heat recovery  
Electric and gas-fired heat pump 
Mark group 
Ground source heat pump 
SUNWARM 
Solar hot water system 
Nottingham  
Passive downdraught evaporative cooling 
Solar hot water system 
Tarmac  
Biomass boiler 
Mechanical ventilation with heat recovery  
Solar hot water 
  




The real data for CEHs will require full access to the dwellings and observe ethical 
issues of residents’ data. The work is to conduct a validation analysis of the simulation data 
using the LTDH network of the Creative Energy Homes. The CEHs performance can be 
simulated by software. The building performance simulation (BPS) software available today 
and to have confidence in the predictions of whole-building energy models, it is necessary to 
have a thorough understanding of various features, specific capabilities [142]. All of the 
University of Nottingham’s CEHs (Mark Group, BASF, Nottingham, Tarmac, Eon, and David 
Wilson Houses) energy performance needed to simulate and then the building performance 
for the CEHs can be obtained. Today,  the software EnergyPlus and IES are widely used as 
BPS tools [142]. 
3.3.1 Justification 
 EnergyPlus is used to model the heating demand and heating load on-site. 
EnergyPlus, developed by the U.S. Department of Energy, is a whole building energy 
simulation program based on a modular structure that has shown a continuous enhancement 
in the possibility of adding validated new models [143]. Integrated Environmental Solutions 
Virtual Environment (IES VE) is another comprehensive whole-building simulation tool that 
provides design professionals with a single software environment for a detailed assessment 
and optimisation of building and system designs [144, 145]. For instance [146], a survey was 
conducted that 108 modelers from engineering and architectural companies involved in a 
series of national and international projects at stage of the design process, and reported that 
80% of respondents choose IES as their energy analysis simulation tool. Although EnergyPlus 
can be used as a stand-alone tool, the main obstacle to the widespread adoption of the 
technology by practitioners is the lack of a comprehensive graphical user interface for the 
rapid development of building geometry. This situation has changed over the past decade, 
and packages have been developed that either use EnergyPlus as their main simulation tool 
(such as DesignBuilder, Sefaira, and OpenStudio) or have plugins for integrating with them 
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(Eg SketchUp, Revit). As a result, EnergyPlus has become easier for architects and other 
professionals to use [142]. 
  EnegyPlus software offers some advantages to model the energy demand of the 
houses which include [142-145, 147]: 
• Widely used in the market for calculating energy consumption. 
• Can take into account of a wide range of function such as radiation of the 
building and sky, natural lighting 
•  Capabilities of analysis solar, climate, carbon, fossil, regulations, global 
compliance and value/cost/environmental impact. 
• Easy visualisation and communication of results. 
• Clear diagrammatical and graphical outputs 
3.3.2 EnergyPlus modelling method 
The following steps were used to generate and analyse the CEHs: 
i. Model built using Sketchup Pro 2017 by importing CAD as-built layouts 
ii. Sketchup plugin extensions for Sketchup is used to define rooms, windows, and door. 
iii. The model is imported to EnergyPlus through the extension 
iv. Building features can be then edited 
v. Room occupancy 
vi. Location (Including CIBSE weather data) 
vii. Build material properties (e.g. U-value, transmittance, materials) 
viii. Water consumption 
ix. Energy system types and efficiencies 
x. Heat gains (people, electrical equipment) 
xi. Airflow  
xii. The temperature setpoint for each room 
xiii. The time for people stayed in home and working time for electrical equipment 
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xiv. Define the variable output parameter (hourly heating load, monthly heating demand, 
outdoor temperature) 
xv. Data is then exported to Excel where it can be manipulated for further analysis (see 
Results) 
3.4 EnergyPlus modelling of the buildings 
 The site features have been described in section 3.1, the heat demand for the site can 
be calculated from the following steps. Firstly, models for seven houses are built using 
SketchUp Pro 2018 by importing CAD as built layout.  
 Then, EnergyPlus plugin extensions for SketchUp is used to define rooms, windows 
and doors. Figure 3.2 shows the model for Nottingham house [148]. The simplification of the 
model ignores the interior windows and interior doors. 
The model for all the other buildings can be seen in the APPENDIX A 
     
Figure 3.2  Nottingham house model 
 
The next step is that models are imported to EnergyPlus, the parameters for the 
buildings can be defined by IDF Editor including heating temperature, room occupancy, 
location (containing weather data), building material properties, internal heat gains and airflow. 
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Habitable space can be divided into bedrooms, living room, bathroom, halls, kitchen 
and toilet according to function. As a result, the space temperature for each room is different. 
Table 3.4 shows the temperature set point for each room [149, 150]. 
Table 3.4 Each room temperature set point [149, 150] 
Room Living  Bathroom  Bedroom  Halls  Kitchen  Toilet 
Temperature setpoint (℃) 22 20 17 19 17 19 
 
The minimum allowable temperature is 17 °C. The temperature setpoint is during the 
occupancy of the space. The occupancy schedule is defined according Table 3.5 [151, 152]. 
Table 3.5 Stay time for residence in bedroom and living room  [151, 152] 
Time Bedroom Living room 
Weekdays 22:00-08:00 08:00-09:00 18:00-22:00 
Weekends 22:00-08:00 08:00-22:00 
 
In this assessment, the temperature of domestic hot water is set at 49 °C, 43.3 °C for 
kitchen taps and bathroom respectively while hot water storage should be at a temperature 
above 60 °C according to Department of Health due to the Legionella and preventable 
temperature [153, 154]. 
The energy required for space heating is strongly dependent on building envelope 
material. The U-value of roof, floor, wall, window, and door for CEHs are summarised in Table 
3.6. As can be seen the fabric elements of low energy dwellings have low U-value than the 
minimum requirement under the building regulation Part L1 [155]. 
Table 3.6 The U-Value of each element  [141, 156-159] 
 U-Value (W/m² k)  
House 
Roof Floor  Wall Window Door 
Mark group  0.17 0.17 0.17 0.71 0.71 
Nottingham 0.1 0.1 0.1 1.2 2.19 
BASF 0.15 0.1 0.15 1.7 1.5 
EON 0.12 0.39 0.69 1.59 3 
Tarmac 6 0.1 0.15 0.15 1.42 1.5 
Tarmac 4 0.1 0.15 0.19 1.77 1.5 
David Wilson 0.25 0.45 0.45 3.3 0.75 
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In the model, also the internal heat gain (i.e., sensible and latent heat) emitted within 
the internal space are considered. This include occupants, lighting and electrical equipment. 
The estimate of the occupancy level in each house was first assumed so that internal heat 
gains from occupants can be quantified, as shown in Table 3.7. 
Table 3.7 The number of occupants in each house  [160-163] 





6 3 4 4 4 4 6 
 
Heat gains due to lights and electric equipment can be estimated based on rated 
wattage of the appliance. Heat gains shows as indicated in their nameplates. Table 3.8 
recapitulates the internal heat gain rates used in the model. 
Table 3.8 Internal gains [151, 152] 
Description   Heat gain rate 
People   
 75W – maximum sensible gain, 55W – maximum latent gain 
Electrical Equipment  
PCs 55W 
Monitors 70W 
lighting 12 W/m2 
Kitchen Equipment 
Kettle  500W – sensible gain    315W – latent gain 
Fridge 50W – sensible gain     125W – nameplate rating  
Freezer  320W – sensible gain    810W – nameplate rating  
Dishwasher  1120W – sensible gain   2460W – latent gain   7600W - nameplate rating 
Convection oven 293W – sensible gain  
 
Figure 3.3 shows working hours of electric equipment in EnergyPlus schedule, the 
fraction is the percentage of real working time during working period. The fridge and freezer 
are assumed to operate all day, of which fraction is 1. Although the dishwasher works from 
19:00 to 20:00, the real working hour is 48 minutes, meaning the fraction of 0.8. The working 
time for convection oven and PC is 45 minutes, 1.5 hours respectively, which mean the fraction 
is 0.75 and 0.5 respectively. Other equipment working hours are defined in the same way. 




Figure 3.3 The working hours for each equipment in EnergyPlus Schedule 
 
The final consideration in EnergyPlus model is air infiltration through doors, windows 
and building envelope cracks, and ventilation. Mechanical Ventilation with Heat Recovery 
(MVHR) was installed in Mark group house, which provided fresh filtered air into a building 
whilst retaining most of the energy that had already been used in heating the building. Earth-
to-air heat exchangers (EAHE) was installed in the BASF house, the infiltration was 3.5 ach. 
Nottingham house, Tarmac 6 and Tarmac 4 house had the Mechanical Ventilation (MV). The 
ventilation for each house is given in Table 3.9. 
Table 3.9 The ventilation for each house [164, 165] 
House Ventilation 
Mark group MVHR system=0.46 ach; Air infiltration=0.5 ach 
Nottingham Air infiltration=0.55 ach; MV=0.11ach  
BASF Infiltration=0.25 ach; EAHE infiltration=3.5 ach (assume 1 hour per day) 
EON Infiltration=0.25 ach; 
Tarmac 6 Infiltration=0.08 ach; MV=0.18 ach 
Tarmac 4 air Infiltration= 0.14 ach; MV 0.36 ach 
David Wilson Air permeability = 10m3/h/m2 
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3.5 Results and data analysis 
3.5.1 Energy consumption  
The dynamic heat demand of the buildings varies according to outdoor air temperature. 
The annual outdoor air temperature variation in Nottingham is shown in Figure 3.4, the lowest 
temperature occurred on January 3rd at -2.03 °C, and the highest temperature was 22.85 °C 
on August 19th. The average temperature in December and January is 4.98 °C, 4.6 °C 
respectively, while the average temperature in August is 16.27 °C.  
 The simulation programs avoided using single year, Test Reference Year-type 
(TRY) weather data. No single year can represent the typical long-term weather patterns. 
More comprehensive methods that attempt to produce a synthetic year to represent the 
temperature, solar radiation, and other variables within the period of record are more 
appropriate and will result in predicted energy consumption and energy costs that are closer 
to the long-term average. 
 
Figure 3.4 Daily outdoor air dry-bulb temperature in Nottingham. 
 
The EnergyPlus energy demand simulation uses the Nottingham house as an example 
to show the variation about heat load of space heating and domestic hot water during a year. 
The heat demand for the Nottingham house can be seen in the Figure 3.5, including space 
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was 92.2 kWh in August. However, the building required very little energy for the space heating 
as it was highly insulated. The amount of energy for space heating demand in January was 
402.25 kWh. The hot water heat demand decreased by 30.8% from winter to summer, while 
the space heating demand decreased by 100%. The space heating demand was mostly from 
October to April. The space heating demand increased nearly 11 times from October to 
November, while it decreased by 65.9% from February to March. The maximum space heating 
demand appeared in January because of low outdoor air temperature.  
 
Figure 3.5 The domestic hot water and space heating demand for the Nottingham house 
 
The domestic hot water demand and space heating demand of Mark group, 
Nottingham, EON, Tarmac 6, Tarmac 4 and David Wilson houses in each month is shown in 
Table 3.10. There was an increase in space heating requirements from September to January, 
and a decrease from January to May. This is due to outdoor temperature changes throughout 
the year and the associated requirement for comfortable indoor temperatures. There is a 
steady-state for domestic hot water demand throughout a year, the difference of each house 
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As Table 3.11 shows, the space heating demand for the Eon, Mark group, David 
Wilson house are higher than others. Mark group, David Wilson and EON are the top three by 
the largest total floor area as Table 3.12 shows. It is known that the high floor often constructs 
a larger room volume, leading to a high space heating requirement. The space heating 
demand during summer (from June to August) of BASF, EON, David Wilson house is very low 
and even to 0 for Mark research, Nottingham one, Tarmac 6 and Tarmac 4 house. The 
domestic hot water demand of each house in winter is higher than in summer due to the 
outdoor temperature. The hot water depends on the number of occupants, which lead to 
domestic hot water heat demand.  
Table 3.11 Annual energy consumption per house  
House  
Annual domestic hot 
water demand (kWh) 
Annual Space heating 
demand (kWh) 
Total heating demand 
(kWh) 
Mark group 2669.75 5084.21 7753.96 
Nottingham 1334.88 1312.91 2647.79 
BASF 1780.75 2996.02 4776.77 
Eon  1780.75 4572.43 6353.18 
Tarmac 6 1937.50 599.08 2536.58 
Tarmac 4 1937.50 1723.38 3660.88 
David Wilson 2669.75 9859.90 12529.65 
Annual Total  14110.89 26417.92 40258.81 
 
Table 3.12 Total floor area for each house 
House Total floor area (𝑚2) 




Tarmac 6 89.2 
Tarmac 4 108.7 
David Wilson 143.04 
 
The aggregate heat demand of all areas is shown in Figure 3.6 shows. The maximum 
space heating demand was 5974 kWh in January, while the minimum space heating demand 
was 4 kWh in July. The maximum hot water heat demand was 1344 kWh in January, the 
minimum occurred in September, which decreased by 23.8% compared with January. 
Energy demand assessment of the site: Case of Creative Energy Homes (CEHs) 
60 
 
Changes in domestic hot water demand were small compared with space heating demand. 
Overall, the maximum heat demand 7318 kWh occurred in winter, while the minimum one is 
in summer with 1066 kWh. The heat demand decreased by 34.14% from winter (February) to 
spring (March) and by 28.97% from spring (May) to summer (June), while it increased by 16.47% 
from summer (August) to Autumn (September). The heat demand nearly doubled from autumn 
(October) to winter (November), which was the biggest change is this four-season transition. 
 
Figure 3.6  Aggregate heat demand for CEHs. 
 
3.5.2 Heat load profile 
The hourly heat load for the Nottingham house is given in Figure 3.7. The peak heat 
load appeared at 8:00 on January 1st, which is 4.14kW. The heat load contains space and 
domestic heat load. The hourly heat load from April to October was less than the rest month. 
There was only domestic hot water heat from June to September. Although there was space 
heating in April, May and October, the space heat demand is very low. The accumulation for 
hourly heat load during 24 hours can form daily heat demand. The peak load for the 
Nottingham house can be obtained according to hourly heat load, which is better to choose 
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Figure 3.7  Annual space and domestic hot water heat load for the Nottingham house 
 
The peak heat load of other houses is given in Table 3.13, which takes into account of 
solar and casual heat gains, geometry, thermal mass, occupants, and external temperature 
variation. The peak load can be used to select heat sources and pipes. The maximum peak 
load in the seven houses was David Wilson house with 10.9042 kW, while the minimum one 
was Tarmac 6 house with 3.1818 kW. 
Table 3.13 The peak load for each house  
House Peak heat load (kW) 




Tarmac 6 3.1818 
Tarmac 4 4.1386 













































































































































































































































Space heating Domestic hot water




Figure 3.8 Aggregated home heat load for CEHs 
 
In order to control the district heating system, the total heat load for this system 
throughout a year is given in Figure 3.8, which can be used to select the thermal store and 
pipes within the system. It shows aggregated home energy consumption containing space and 
domestic hot water heat load, which is the sum of heat load for the seven buildings. The peak 
heat load is 44 kW, which is largely less than traditional buildings. Because the buildings are 
low energy houses and the peak load of each house is not at the same time. 
The peak heat load is defined by the hourly heat load, while the hourly heat load is 
defined by outdoor air temperature and indoor temperature. The variation for indoor 
temperature is small, the hourly heat load is largely influenced by the outdoor temperature. 
The week from January 1st to 7th is the average lowest temperature week. The hourly heat 
load for January 1st to 7th can be seen in Figure 3.9. The daily profiles during this time 
highlighted two peaks which were related to the typical demand for SH and DHW during 
mornings and evenings. The profiles for January 1st and January 7th were different from the 
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from January 2nd to 6th was working days. The difference between weekend heat load pattern 
and weekday heat load pattern can be obtained by the examples of January 1st (weekend) and 
January 3rd (weekday). Figure 3.10 and Figure 3.11 present a more detailed insight into 
weekday and weekend heat load. 
 
Figure 3.9 Heat load of CEHs for January 1st -7th 
 
In Figure 3.10, the initial peak was around 8:00 leaded due to the sudden requirements 
of space heating and domestic hot water, for occupants wake up during this time. After the 
initial peak load, the heat load decreased under the influence of heat gains and occupancy. 
The next peak load was around 13:00, which was caused by the increase of domestic hot 
water, because lunch is cooked for hot water requirement during this time. Subsequently, the 
peak occurred at 18:00 due to the external temperature decrease and a requirement for heat. 
The heat load increased from 20:00 to 22:00 because of the increase in domestic hot water 




























Figure 3.10 Example of standard weekend heat load (January 1st) 
 
In Figure 3.11, the peak heat load was around 08:00 and 18:00, because people leave 
from home to work from 09:00 to 17:00. As a result, the heat demand was typically lower 
during this period. The heat load decreased after 18:00, while it reversed from 20:00 to 22:00 
due to the increase in domestic hot water for bathing and washing. 
 
Figure 3.11 Example of standard weekday heat load (January 3rd) 
 
The duration curve of CEHs in Figure 3.12 represents the number of hours in a year 
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the year is 44 kW. According to Figure 3.8, there are 8760 values in an annual heat load profile. 
The heat load is ranked in decreasing order, and the abscissa hours is converted to 
percentage, that is, the 8760 hours is convert to percentage. The 1 hour is converted to 0.01%, 
while the 8760 hours is converted to 100%. The annual heat load profile can be obtained from 
Figure 3.8, and the average heat load during a year is 4.16 kW. In Figure 3.12, 4.16 kW 
corresponds to 33.08% in load duration curve. The above 4.16 kW heat load is considered in 
the peak demand bracket. Therefore, the peak heat load occurs for around 33.08% of the year 
corresponding to very low outdoor temperature. The heat load between 4.16 kW and 0 kW 
accounts for 43.24% of the year and covers the majority of the demand. On the contrary, the 
site heat load at 0 kW accounts for 23.68% of the year due to no heat demand during the 
period. 
 
Figure 3.12 CEHs load duration curve 
 
3.6 Summary 
  The CEHs described in detail from the construction system, efficient heating and 
cooling system, which provided a unique opportunity to apply LTDH system. Energy Plus 
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can be obtained. As a result, the annual energy consumption for the CEHs is 40258.1 kWh, 
including 14110.89 kWh for domestic hot water and 26417.92 kWh for space heating. The 
variation in space heating and domestic hot water demand for a year can be obtained. The 
maximum space heating and domestic hot water demand both occur in January with 5974 
kWh and 1344 kWh respectively. Variation in domestic hot water demand with 23.8% is less 
than in space heating demand during a year. The biggest changes change is this four-season 
transition from autumn to winter, which increased nearly 1 time for heat demand. 
The annual heat load for each building can be obtained, therefore, the annual heat 
load for CEHs can be acquired. From the heat load profile from January 1st to 7th, the daily 
profiles during this time highlight two peaks which are related to the typical demand for SH 
and DHW during mornings and evenings. The weekend heat load profile and weekdays profile 
are compared, weekend heat load profile has one more peak point than weekdays profile due 
to the domestic hot water requirement for people during the weekend.  
The CEHs duration curve is obtained, the heat load from 15 kW to 44 kW is considered 
at the peak demand, which account for 33.08% of the year. The heat load between 15 kW and 
0 kW accounts for 43.24% of the year and covers the majority of the demand. Conversely, the 
site heat load at 0 kW accounts for 23.68% of the year. 
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4 Analysis of the Low Temperature Heat Network heat 
sources  
4.1 Introduction  
In this chapter, the multiple heat sources with different outputs are optimised in the 
LTDH system for a community. The mathematical model is established and then it is input to 
MATLAB to simulate the hourly variation for LTDH system.  
In this study, MATLAB version 9.2 (March 2013 release) was used to simulate the 
LTDH model. MATLAB is a multi-paradigm numerical computing environment and proprietary 
programming language developed by MathWorks, which makes the calculation more 
convenient. Moreover, the results files can be exported to excel, then analysed and discussed. 
 Firstly, a description of the LTDH system of the site is provided in section 4.2. Then, 
the mathematical model for LTDH system is established in section 4.3. The mathematical 
model is conducted in MATLAB to simulate for optimisation of operation of LTDH system. 
Finally, Section 4.5 provides a summary of this chapter. 
 
4.2 Description of the case study heat network  
The CEHs provide an opportunity to realise the low temperature heating system with 
low energy consumption and carbon in the community. The houses are new built or existing 
houses which are retrofitted with reasonable constriction and energy saving technology. CEHs 
have multiple heat sources to supply the heat demand, including solar collector, heat pump, 
biomass boiler and gas boiler.   
The LTDH system for the CEHs (Figure 4.1) offers the flexibility of integrating any type 
of heat sources regardless of location. The heat source supplies heat to the storage and then 
the heat stored in the thermal store. Subsequently, the heat from the storage is transported to 
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the end-user through the heat exchanger. This is four-pipe network system. Although the 
drawback of this is the doubling the cost and heat losses of heat networks. It can fully exploit 
the ability of heat sources and avoid heat loss of heat sources. The pipe is Rehau’s 
Rauthermex, which offers excellent insulation performance through its PU foam insulation with 
a lambda value of 0.0216 Wm/k, allowing specifiers and contractors to optimise both 
installation and operational costs. 
 
Figure 4.1  The Low Temperature District Heating for CEHs 
 
The optimisation of heat sources of the LTDH is to find the reasonable output of 
multiple heat sources under three conditions. Firstly, the heat sources can satisfy the heat 
demand all the time. Secondly, the capacity of thermal store is as small as possible. Lastly, 




The method developed in recent studies to determine the optimum size of a thermal 
store for district heating is by analysing the heat load from the previous year combining with 
the reservoir storage allocation analogy in water dam [166]. Optimising the thermal store not 
only meets the total heat demand for the houses, but also generates an optimal operation 
schedule for heat generation available for district heating. 
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It starts to collect annual hourly heat load with a resolution of 8760 values per year, 
which represents the seasonal heat load characteristic. By assuming the initial heat storage, 
the minimum storage required, the thermal storage capacity and heat generation needed can 
be determined using ‘reservoir storage allocation in water dam' analogy. 
Furthermore, the reliability of heat generation can be defined by the minimum thermal 
store capacity required based on a few assumptions. Base on the reliability calculation and 
graph, the heat generation which cannot achieve heat demand are excluded. Subsequently, 
the optimal heat generations can be defined by choosing the small generation output at the 
same storage capacity. 
4.3.2 Heat capacity calculation on the annual heat load 
In order to determine the optimum thermal store capacity, it is necessary to analyse 
the heat load variation. The heat load fluctuation per hour can be used to determine the heat 
required from heat sources and thermal store. In order to calculate the thermal store energy 
per hour, the analogy of reservoir storage allocation can be applied. However, a few 
assumptions have to be defined such as minimum thermal store capacity and initial thermal 
store capacity. The equation can be described as [167] 
QStorage = QInitial + QIn − QOut (4 − 1) 
 Where 𝑄𝑆𝑡𝑜𝑟𝑎𝑔𝑒 is the capacity of the thermal store (kW); 𝑄𝐼𝑛𝑖𝑡𝑖𝑎𝑙 is the initial thermal 
store or the minimum storage capacity (kW); 𝑄𝐼𝑛 is the accumulation of heat supply by multiple 
heat sources (kW); 𝑄𝑂𝑢𝑡 is the heat load for the dwellings (kW). 
The multiple heat sources can be any combination of fossil fuel and renewables, the 
𝑄𝐼𝑛 can be expressed: 
QIn = QS + QH + QB + QG (4 − 2) 
 Where 𝑄𝑆 is the heat supplied by solar collector (kW); 𝑄𝐻 is the heat supplied by heat 
pump (kW); 𝑄𝐵 is the heat supplied by biomass boiler (kW);  𝑄𝐺 is heat supplied by gas boiler 
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(kW). By combining a few renewable energy resources, heat demand can be satisfied in every 
season throughout the year. Therefore, the equation can be written as 
𝑄𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = 𝑄𝐼𝑛𝑖𝑡𝑖𝑎𝑙 + 𝑄𝑆 + 𝑄𝐻 + 𝑄𝐵 + 𝑄𝐺 − 𝑄𝑂𝑢𝑡 (4 − 3) 
 However, to make the system efficient, the heat supply 𝑄𝐼𝑛 is not required for every 
hour. When the heat available inside the thermal store is sufficient to cover the heat load, heat 
supply is not needed. The storage would be discharge heat based on the demand until the 
heat of the thermal store almost reaches the minimum thermal store capacity. Therefore, the 
input heat form heat sources will charge thermal store when the thermal store capacity is not 
sufficient to meet heat load.  
4.3.3 Heat supply 
To calculate the heat supply needed for every hour in a year, a few heat supply values 
have to be assumed. In this case, the heat pump, biomass boiler and gas boiler output 
assumption will be defined by different sizes. The heat from the solar collector can be 
calculated by the following equation [168] 
𝑃𝑠ℎ = ηGS (4 − 4) 







) (4 − 5) 
Where 𝑃𝑠ℎ is heat production of solar collector (W); S is solar collector area (𝑚
2);G is 
solar radiation on solar collector (W/𝑚2), 𝑇𝑓 is the collector average temperature (°C); 𝑇𝑎 is 
ambient temperature (°C). 
The efficiency of the solar collector is defined by three parameters:  
η0: Intercept (maximum) of the collector efficiency. 
𝛼1: The first-order coefficient in collector efficiency equation, (𝑊/𝑚
2℃) 
𝛼2: The second-order coefficient in collector efficiency equation, (𝑊/𝑚
2℃) 
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For the calculation of the overall solar collector array efficiency, the influence of 
incidence angle on collector efficiency (𝐾𝜃) is needed. 
 The heat generation from renewable energy resources and fossil fuels which 
generates heat to supply the demand. The excessive heat will be stored in the thermal storage 
which can be consumed for future demand. The calculation for heat supply is correlated with 
the thermal storage allocation. When the storage level cannot reach the minimum storage 
required, heat generation will start to work to supply heat. When the storage level is above 
minimum storage required, then the heat supply will be zero.  
The working period of each heat source varies greatly in a day and a month. The peak 
heat load usually appears in the winter, all the heat sources need to work to supply the peak 
load. Even though the heat load during the summer is low, the heat supply from solar collector 
is not always sufficient to meet demand. The working order of each heat source can be 
prioritised according to fuel cost and carbon emission intensity. The priority for each heat 
source can be set up as Table 4.1 shows. 
Table 4.1 The priority of each heat source 
Month Time Solar collector heat pump biomass boiler Gas boiler 
Jan-May 
00:00-6:59 1 2 3 4 
07:00 -23:59  1 3 2 4 
Jun-Sep 
00: 00-6:59 1 2 3 4 
07:00 -23:59 1 2 3 4 
Oct-Dec 
00: 00-6:59 1 2 3 4 
7:00 -23:59 1 3 2 4 
 
As a first priority (number 1) was attributed to the solar collector as it is renewable 
source of energy with no fuel cost and no direct emission. The gas boiler on the other hand 
was least desirable heating system of heat energy mix and was assigned a priority number of 
4. The heat pump (priority order 2 or 3) and biomass boiler (priority order 2 or 3) working order 
varies according to time and month of the year. 
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Taking into account the working order of the appliances, the hourly heat balance for 










𝑜𝑢𝑡 (4 − 6) 
 Where indices 𝑖, 𝑗 represent day and hour respectively. The parameter of 𝛼, 𝛽, 𝛾 take the 







  For i=1, j=0 
The thermal store capacity always cannot less than the minimum storage capacity. 
The initial storage capacity is assumed to equal to the minimum storage capacity. 
With day 1 is taken as January 1st, the range of day ‘i’ from 1 to 151 are from January 1st 
to May 31st and ‘i’ from 274 to 365 represent from October 1st to December 31st. For the hour 
of day ‘j’ ranging from 0:00 to 07:00, all the heat sources are set to idle (𝛼 = 0, 𝛽 = 0, 𝛾 = 0 ) 
and the heat demand is met by the thermal store. However, the residual thermal store’s heat 
capacity is less than initial thermal store capacity, the heat pump (𝛼 = 1) starts to work for one 
hour to supply the rest heat, while the biomass boiler and gas boiler remain idle (𝛽 = 0, 𝛾 =
0 ). After that, if the thermal store capacity still less than minimum thermal store capacity, then 
the biomass boiler is turned on alongside the heat pump (𝛼 = 1, 𝛽 = 1 ). After that, if the 
residual thermal store capacity is still less than minimum storage capacity, the gas boiler is 
started to provide peak load in addition to the heat pump and biomass boiler (𝛼 = 1, 𝛽 = 1, 𝛾 =
1). 
For day ‘i’ from 1 to 151 or i from 274 to 356 and j from 0 to 7 
𝛼 = 0, 𝛽 = 0, 𝛾 = 0 
If  






𝛼 = 1, 𝛽 = 0, 𝛾 = 0   








𝛼 = 1, 𝛽 = 1, 𝛾 = 1 
For the rest of the day hours (i.e., ‘j’ from 08:00 to 23:00), all the heat sources are turned 
off (𝛼 = 0, 𝛽 = 0, 𝛾 = 0 ), if the thermal store can supply the heat demand. If the residual heat 
capacity of thermal storage is less than the minimum storage capacity (initial thermal storage 
capacity), the biomass boiler is switched on (𝛽 = 1) for one hour to supply the required heat, 
while the heat pump and gas boiler remain switched off (𝛼 = 0, 𝛾 = 0 ). After that, if the residual 
thermal storage capacity is still less than minimum storage capacity, then the heat pump is 
turned on alongside the biomass boiler (𝛼 = 1, 𝛽 = 1), while the gas boiler remains the idle 
state (𝛾 = 0). After that, the thermal storage capacity still less than minimum storage capacity, 
the gas boiler is started to provide peak load in addition to the heat pump and biomass boiler 
(𝛼 = 1, 𝛽 = 1, 𝛾 = 1). 
For day hour of ‘j’ from 8: 00 to 23:00 





𝛼 = 0, 𝛽 = 1, 𝛾 = 0   
Then if   










𝛼 = 1, 𝛽 = 1, 𝛾 = 1 
From June to September (i.e., ‘i’ from 152 to 273), all the heat sources are turned off (𝛼 =
0, 𝛽 = 0, 𝛾 = 0  ), if the thermal store can supply the heat demand. However, the residual 
thermal store’s heat capacity is less than initial thermal store capacity, the heat pump (𝛼 = 1) 
starts to work for one hour to supply the rest heat, while the biomass boiler and gas boiler 
remain idle (𝛽 = 0, 𝛾 = 0  ). After that, if the thermal store capacity still less than minimum 
thermal store capacity, then the biomass boiler is turned on alongside the heat pump (𝛼 =
1, 𝛽 = 1). After that, if the residual thermal store capacity is still less than minimum storage 
capacity, the gas boiler is started to provide peak load in addition to the heat pump and 
biomass boiler (𝛼 = 1, 𝛽 = 1, 𝛾 = 1). 
For ‘i’ from 152 to 273, ∀ j 




𝛼 = 1, 𝛽 = 0, 𝛾 = 0  . 








𝛼 = 1, 𝛽 = 1, 𝛾 = 1 
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The storage capacity for water tank as follows 
𝑄𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = max (𝑄𝑖,𝑗+1
𝑆𝑡𝑜𝑟𝑎𝑔𝑒
), ∀ i, j 
The capacity of thermal store is evaluated based on the peak capacity requirement by the 
thermal store to satisfy the site’s heat demand profiles over one year (8760 hours). The 
mathematical formulation of the system design is implemented in MATLAB, which detail code 
is shown in Appendix B. 
4.3.4 Reliability analysis 
Once the storage capacity and the heat supply have been defined for each hour, the 
reliability analysis has to be calculated. The reliability is expressed with one percentage value 
for every heat storage capacity and heat supply assumption. Before the reliability is calculated, 
the ‘demand met' has to be determined first by using one and zero value. The thermal store 
has a residual minimum storage capacity, which cannot be used to supply the heat demand. 
For every hour, if the thermal store capacity is bigger than the sum of the minimum storage 
capacity and heat demand, the ‘demand met' value is one. Otherwise, if the thermal store 
capacity does not satisfy the sum of heat demand and minimum storage capacity, the ‘demand 
met’ value is zero. The ‘demand met’ value is expressed for 8760 value per year. Therefore, 




(4 − 7) 
From the Equation (4-7), the reliability graph and table can generate from each building 
or aggregated buildings heat load profiles in order to determine the sizes of multiple heat 
sources. If the thermal store can satisfy the heat demand throughout the year, the reliability 
value would be 100%.  
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4.4 Results and analysis  
4.4.1 Data and assumption 
In order to develop an optimisation model of LTDH system, a significant amount of 
data needed to be gathered and some assumption has to be made. It contains the explanation 
of the assumption which is taken to determine the optimisation model as well as the possible 
cases which are developed to analyse the most efficient size for heat sources. In this study, 
the data provided are only heat load data and current heat supply from a few ranges of energy 
resources such as gas boiler, heat pump, biomass boiler, and solar thermal collector. 
Therefore, data assumptions such as a value of heat generation to make the system more 
efficient, thermal store working temperature, and initial storage volume needed to be assumed. 
The output of solar collector can be defined by the Equation (4-4). Solar collector was 
installed in the buildings, the model is V 30 [169]. The specific performance parameter can be 
seen in Table 4.2.  
Table 4.2 Performance Specification [169] 
Model Unit V30 
Aperture area 𝑚2  3.1 
Zero loss efficiency ℎ0 ____ 0.76 
Heat loss efficient 𝛼1 𝑊/𝑚
2𝐾  3.6 
Second order 𝛼2 𝑊/𝑚
2𝐾2  0.0068 
I.A.M 𝑘𝜃 ____ 0.93 
Effective heat capacity  𝐶𝑒𝑓𝑓 𝑘𝐽/𝑚2𝐾  5.3 
Length   𝑚 2.892 
Width 𝑚  1.167 
 
The parameter for the solar collector can be obtained from Table 4.2 and the hourly 
ambient temperature during a year also needed to calculate the solar energy, which can be 
obtained from Figure 4.2.   




Figure 4.2 Hourly ambient temperature for a year 
 
The inlet/outlet temperature of solar collector is 60/45 ℃ and the global horizontal 
radiation can be seen in Figure 4.3. As a result, the efficiency of solar collector can be 
calculated according to Equation (4-5). The output of solar collector can be defined by the 
area of solar collector. The area of solar collector V30 is 3.1 𝑚2. The annual solar energy of 
V30 can be seen in Figure 4.4, there is little solar energy in December and January, while the 
solar energy was at a low level in February and November. The solar energy at high level 
focused on July and August above 1.4 kW. The maximum output of solar energy is 1.56 kW. 
 
















































































































































































































































































Figure 4.4  Hourly solar output during a year  
 
Three different surface area of solar collectors were considered in the optimisation of 
heat generation sources: 3.1 𝑚2, 6.2 𝑚2, 9.3 𝑚2 with heat output capacity of 1.56 kW, 3.11 
kW and 4.67 kW respectively. Similarly, for the optimisation of the heat pump the following 
heating capacity were considered: 5 kW, 10 kW, 15 kW, 20 kW, 25 kW and 30 kW while for 
the biomass boiler be of 5 kW, 10 kW, 15k W, 20 kW, 25 kW, 30kW and 35 kW to ensure that. 
The peak load is always satisfied with the output of the gas boiler can be assumed 5 kW, 10 
kW, 15 kW, 20 kW and 25 kW.  The project was to optimize and design the multiple heat 
sources, the output of each heat source should not be equal 0. In addition, if the gas boiler 
equals 0, the output of heat pump and biomass boiler would to increase to meet the peak heat 
load which was not always occurred. The initial invest increased and working efficiency 
decreased for heat pump and biomass boiler. The power increase in steps of 5kW for heat 
pump, biomass boiler and gas boiler were more in line with the choice of different outputs in 
manufactural data. The simulation scenarios for all the different size of heat sources is 
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Table 4.3 Different size of heat sources  
MAX output(kW) 
solar collector Heat pump Gas boiler Biomass boiler 
1.56(3.1𝑚2) 5 5 5 
3.11(6.2𝑚2) 10 10 10 
4.67(9.3𝑚2) 15 15 15 
 20 20 20 
 25 25 25 
 30   30 
      35 
 
         As Table 4.3 shows, the output of solar collector, heat pump, gas boiler and biomass 
boiler are variable, as a result there are multiple permutations and combinations. In the 
simulation, a number of scenarios referred to here as the A, B, C, D, E, F were considered. In 
each of the scenarios, the heat pump heating capacity is fixed to 5 kW, 10kW, 15 kW, 20 kW, 
25 kW or 30 kW, while the outputs of solar collector, gas boiler and biomass boiler are allowed 
to vary. 
4.4.2 Scenario A: 5 kW heat pump 
The heat pump is fixed at 5 kW, other heat generation outputs are allowed to vary. In 
this scenario, the solar collector output is set to 1.56 kW, 3.11 kW and 4.67 kW respectively. 
For example, for 1.56 kW solar collector and a heat pump of 5 kW, the optimum hot water 
storage capacity is calculated according to Equation (4-3). The numerical results of the 
simulation are tabulated in Table 4.4. 
Table 4.4 The storage capacity for 1.56kw solar collector in the different output of biomass boiler and gas boiler 
Gas boiler(kW) 
Biomass boiler(kW)  
5 10 15 20 25 
5 19.5449 21.6780 26.6780 31.6780 36.6780 
10 19.8516 19.5449 23.1135 28.1135 33.1135 
15 23.9248 23.9248 23.9248 24.9905 29.9905 
20 28.8054 28.8054 28.8054 28.8054 29.9905 
25 35.2237 35.2237 35.2237 35.2237 35.2237 
30 40.3949 40.3949 40.3949 40.3949 40.3949 
35 45.3949 45.3949 45.3949 45.3949 45.3949 
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Table 4.4 shows the thermal storage heat capacity for different output of biomass and 
gas boiler. It is shown that not all biomass boiler and gas boiler capacity can fulfil the peak 
heat demand. To illustrate the combination of the technologies that can satisfy the hourly peak 
load throughout the year, a reliability analysis was considered as described by Equation (4-7). 
Table 4.5 shows the results of the analysis where a value of ‘1’ means the combined heat 
generation capacity and thermal store can satisfy the hourly heat demand reliably throughout 
the year (i.e. 8760h). 
Table 4.5 The reliability for all type of biomass boiler and gas boiler 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 25 
5 0.8729 0.9545 0.9832 0.9953 0.9981 
10 0.9535 0.9814 0.9939 0.9981 0.9999 
15 0.9831 0.9939 0.9984 0.9998 1 
20 0.9939 0.9984 0.9999 1 1 
25 0.9984 0.9999 1 1 1 
30 1 1 1 1 1 
35 1 1 1 1 1 
 
For example, when combing a heat generating capacity of a 5 kW gas boiler, 5 kW 
biomass boiler, 5 kW heat pump and 1.56 kW solar collector, the heat demand can only be 
satisfied for 87.29% of the time (i.e., there are 1113 hours of the year where the heat demand 
is not met). Furthermore, Figure 4.5 shows that the reliability increased as the heat generation 
output of the biomass boiler or/and gas boiler are increased. It is also shown that the reliability 
of the system reaches ‘1’ for a maximum biomass boiler capacity of the 25 kW and a minimum 
gas boiler output of 5 kW or vice versa. 
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Figure 4.5 The reliability for all type of biomass boiler and heat boiler with 1.56 Kw solar collector 
 
The results of the analysis of the thermal store capacities that can fulfil the heat 
demand of the site are further presented in the Table 4.6. The heat capacities of the thermal 
store that provides a reliability of energy supply less ‘1’ have been discarded in this instance. 
Table 4.6 The storage capacity for different output of biomass and gas boiler with 1.56 kW solar collector. 
Gas boiler (kW) 
Biomass boiler (kW) 
5 10 15 20 25 
5 ---------- ---------- ---------- ---------- ---------- 
10 ---------- ---------- ---------- ---------- ---------- 
15 ---------- ---------- ---------- ---------- 29.9905 
20 ---------- ---------- ---------- 28.8054 29.9905 
25 ---------- ---------- 35.2237 35.2237 35.2237 
30 40.3949 40.3949 40.3949 40.3949 40.3949 
35 45.3949 45.3949 45.3949 45.3949 45.3949 
 
Similar analytical procedure was repeated for 3.11 kW (6.2 𝑚2) and 4.67 kW (9.3 𝑚2) 
heat output capacity. The results of the analysis are recapitulated in Table 4.7 and Table 4.8 
respectively. It can be seen in Table 4.7 and Table 4.8 that more boilers outputs can fulfil the 
heat demand of the site. 
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Table 4.7 The storage capacity for different output of biomass and gas boiler with 3.11 kW solar collector. 
Gas boiler (kW) 
Biomass boiler (kW) 
5 10 15 20 25 
5 ---------- ---------- ---------- ---------- ---------- 
10 ---------- ---------- ---------- ---------- 39.8036 
15 ---------- ---------- ---------- 35.2600 35.2600 
20 ---------- ---------- ---------- 41.2319 41.2319 
25 ---------- ---------- 44.8914 44.8914 44.8914 
30 49.2218 49.2218 49.2218 49.2218 49.2218 
35 53.7188 53.7188 53.7188 53.7188 53.7188 
 
Table 4.8 shows that increasing the solar thermal collector capacity to 4.67 kW has 
increased the storage capacity of the system without improvement in the flexibility of boiler 
rating required. 
Table 4.8 The storage capacity for different output of biomass and gas boiler with 4.67 kW solar collector  
Gas boiler (kW) 
Biomass boiler (kW) 
5 10 15 20 25 
5 ---------- ---------- ---------- ---------- ---------- 
10 ---------- ---------- ---------- ---------- 44.2083 
15 ---------- ---------- ---------- 46.7173 46.7173 
20 ---------- ---------- ---------- 51.7173 51.7173 
25 ---------- 51.7150 51.7150 51.7150 51.7150 
30 59.3592 59.3592 59.3592 59.3592 59.3592 
35 66.7173 66.7173 66.7173 66.7173 66.7173 
 
Table 4.6-4.8 shows thermal store capacity for reasonable biomass boilers and gas 
boilers with 3.1  𝑚2 , 6.2  𝑚2 , and 9.3 𝑚2  solar collector. The thermal store capacity with 
different heat sources at a fixed 5 kW heat pump can be seen in Figure 4.6. 
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Figure 4.6 Scenario A:  Storage capacity with different gas boiler, biomass boiler and solar collector at a fixed 5 
kW heat pump 
Figure 4.6 shows the thermal store capacity with different gas boiler, biomass boiler 
and solar collector at a fixed 5 kW heat pump. When the lowest capacity is same at different 
biomass boiler and gas boiler heat capacities, the priority choice is that gas boiler heat 
capacity is as small as possible due to fuel cost and carbon emission intensity. Then, the sum 
of the heat capacity of biomass boiler and gas boiler is the smallest.  
The lowest storage capacity with a 3.1 𝑚2 solar collector is 28.81 kWh, while both gas 
boiler and biomass boiler are rated at 20 kW. For a solar collector of 6.2 𝑚2, the lowest storage 
capacity is 35.26 kWh with a lower biomass boiler and gas boiler rating of 15 kW and 20 kW 
respectively. Similarly, the lowest storage capacity of a 9.3 𝑚2 solar collector is 44.21 kWh, 
while gas boiler and biomass boiler are rated at 25 kW and 10 kW respectively. 
Solar collector area 
= 9.3 m2 
 
Solar collector area 
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4.4.3 Scenario B: 10 kW heat pump 
The storage capacity results with different heat generations at fixed 5 kW heat pump 
have been obtained in Scenario A. Similar analytical procedure was repeated for Scenario B. 
The heat pump is fixed at 10 kW, other heat generation outputs are allowed to vary. In this 
scenario, the solar collector output is set to 1.56 kW, 3.11 kW and 4.67 kW respectively. The 
numerical simulation results for 1.56 kW, 3.11 kW and 4.67 kW solar collectors are tabulated 
in Table 4.9. 
Table 4.9  The thermal store capacity for different output of biomass, gas boiler and solar collector at fixed 10 kW heat 
pump 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 25 
Solar collector 
(kW) 
5 24.5449 24.5449 24.5449 27.1004 32.1004 
1.56 
10 23.8026 23.8026 24.9796 29.9561 29.9561 
15 26.678 26.678 26.678 26.678 29.9669 
20 29.5449 29.5449 29.5449 29.5449 29.5449 
25 353949 35.3949 35.3949 35.3944 35.3949 
30 41.678 39.5449 41.678 39.5449 41.678 
5 34.2218 34.2218 34.2218 34.2218- 36.8983 
3.11 
10 33.1246 33.1249 33.1249 33.1249 33.2472 
15 34.8914 34.8914 34.8914 34.8914 34.8914 
20 40.26 40.26 40.26 40.26 40.26 
25 43.1743 43.1743 43.1743 43.1743 43.1743 
30 50.2600 50.2600 50.2600 50.2600 50.2600 
5 42.5403 42.5403 42.5403 42.5403 43.7728 
4.67 
10 42.5403 42.9189 42.5403 42.9189 44.2083 
15 42.5403 42.5403 42.5403 42.5403 42.5403 
20 49.3592 47.5403 49.3592 47.5403 49.3592 
25 55.9537 55.9537 55.9537 55.9537 55.9537 
30 57.5403 57.5403 57.5403 57.5403 57.5403 
 
Table 4.9 shows the thermal storage heat capacity for different output of biomass, gas 
boiler and solar collector at a fixed 10 kW heat pump. It is shown that not all biomass boiler 
and gas boiler capacity can fulfil the peak heat demand. To illustrate the combination of the 
technologies that can satisfy the hourly peak load throughout the year, a reliability analysis 
was repeated for 10 kW heat pump as Table 4.10 shows 
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Table 4.10  The reliability for all type of biomass boiler, heat boiler and solar collector at fixed 15 kW heat pump 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 25 
Solar collector 
(kW) 
5 0.9547 0.9824 0.9950 0.9985 1 
1.56 
10 0.9826 0.9941 0.9988 0.9999 1 
15 0.9957 0.9986 0.9999 1 1 
20 0.9990 0.9999 1 1 1 
25 0.9999 1 1 1 1 
30 1 1 1 1 1 
5 0.9559 0.9833 0.9946 0.9990 1 
3.11 
10 0.9831 0.9942 0.9988 1 1 
15 0.9955 0.9991 1 1 1 
20 0.9989 1 1 1 1 
25 1 1 1 1 1 
30 1 1 1 1 1 
5 0.9539 0.9829 0.9950 0.9991 1 
4.67 
10 0.9833 0.9942 0.9991 1 1 
15 0.9949 0.9990 1 1 1 
20 0.9991 1 1 1 1 
25 1 1 1 1 1 
30 1 1 1 1 1 
 
The results of the analysis of the thermal store capacities that can fulfil the heat 
demand of the site are further presented in the Table 4.11. The heat capacities of the thermal 
store that provides a reliability of energy supply less ‘1’ have been discarded in this instance. 
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Table 4.11 The storage capacity for Scenario B with different heat generations 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 25 
Solar collector 
(kW) 
5 ---------- ---------- ---------- ---------- ---------- 
1.56 
10 ---------- ---------- ---------- ---------- 29.9561 
15 ---------- ---------- ---------- 26.678 29.9669 
20 ---------- ---------- 29.5449 29.5449 29.5449 
25 ---------- 35.3949 35.3949 35.3944 35.3949 
30 41.678 39.5449 41.678 39.5449 41.678 
5 ---------- ---------- ---------- ---------- 36.8983 
3.11 
10 ---------- ---------- ---------- 33.1249 33.2472 
15 ---------- ---------- 34.8914 34.8914 34.8914 
20 ---------- 40.2600 40.26 40.2600 40.2600 
25 43.1743 43.1743 43.1743 43.1743 43.1743 
30 50.2600 50.2600 50.2600 50.2600 50.2600 
5 ---------- ---------- ---------- ---------- 43.7728 
4.67 
10 ---------- ---------- ---------- 42.9189 44.2083 
15 ---------- ---------- 42.5403 42.5403 42.5403 
20 ---------- 47.5403 49.3592 47.5403 49.3592 
25 55.9537 55.9537 55.9537 55.9537 55.9537 
30 57.5403 57.5403 57.5403 57.5403 57.5403 
 
Table 4.11 shows thermal store for reasonable biomass boilers and gas boilers with 
3.1 𝑚2, 6.2 𝑚2, and 9.3 𝑚2 solar collector. It shows that increasing the solar thermal collector 
capacity has increased the storage capacity of the system without improvement in the flexibility 
of boiler rating required. The storage capacity with different heat sources at a fixed 10 kW heat 
pump can be seen in Figure 4.7. 
The lowest storage capacity with 3.1 𝑚2 solar collector is 26.68 kWh, while the gas 
boiler and biomass boiler rated at 20 kW and 15 kW respectively.  For a solar collector of 6.2 
𝑚2, the lowest storage capacity is 33.12 kWh with a lower biomass boiler and gas boiler rating 
of 10 kW and 20 kW respectively. Similarly, the lowest storage capacity of 9.3 𝑚2  solar 
collector is 42.54 kWh, while gas boiler and biomass boiler heating capacities are reduced 
further to 15 kW each. 
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Figure 4.7 Scenario B: Storage capacity with different gas boiler, biomass boiler and solar collector at a  fixed 10 kW heat 
pump 
 
4.4.4 Scenario C: 15 kW heat pump 
 Similar analytical procedure was repeated for Scenario C The heat pump is fixed at 
15 kW, other heat generation outputs are allowed to vary. In this scenario, the solar collector 
output is set to 1.56 kW, 3.11 kW and 4.67 kW respectively. The numerical simulation results 
for 1.56 kW, 3.11 kW and 4.67 kW solar collectors are tabulated in Table 4.12. 
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Table 4.12  The thermal store capacity for different output of biomass, gas boiler and solar collector at fixed 15 kW heat 
pump 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 25 
Solar collector 
(kW) 
5 29.5449  29.5449 29.5449 29.5449 29.9905 
1.56 
10 29.5449  29.5449 29.5449 29.5449 29.6967 
15 28.8026  29.5449 29.4454 28.8026 29.8974 
20 29.8516  29.8516 29.8516 29.8516 29.8974 
25 34.5406 34.5406 34.5406 34.5406 34.5406 
30 38.9248 38.9248 38.9248 38.9248 38.9248 
5 38.1743 38.1743 38.1743 38.1743 38.1743 
3.11 
10 38.1743 38.1743 38.1743 38.1743 38.1743 
15 39.2218 39.2218 39.2218 39.2218 39.2218 
20 38.1743 38.1743 38.1743 38.1743 38.1743 
25 42.0642 42.0642 42.0642 42.0642 42.0642 
30 47.0642 47.0642 47.0642 47.0642 47.0642 
5 46.7173 46.7173 46.7173 46.7173 46.7173 
4.67 
10 47.9189 47.9189 47.9189 47.9189 47.9189 
15 46.7173 47.9189 47.5403 46.7173 47.9189 
20 46.7173 46.7173 46.7173 46.7173 46.7173 
25 49.2083 49.2083 49.2083 49.2083 49.2083 
30 54.6739 54.6739 54.6739 54.6739 54.6739 
 
Table 4.12 shows the thermal storage heat capacity for different output of biomass, 
gas boiler and solar collector at a fixed 15 kW heat pump. As the heat capacity of the heat 
pump increases, the upper limit of the biomass boiler heat capacity is reduced to 30 kW. It is 
shown that not all biomass boiler and gas boiler capacity can fulfil the peak heat demand. To 
illustrate the combination of the technologies that can satisfy the hourly peak load throughout 
the year, a reliability analysis was repeated for 15 kW heat pump as Table 4.13 shows. 
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Table 4.13  The reliability for all type of biomass boiler, heat boiler and solar collector at fixed 15 kW heat pump 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 25 
Solar collector 
(kW) 
5 0.9842 0.9940 0.9994 1 1 
1.56 
10 0.9951 0.9988 0.9999 1 1 
15 0.9990 1 1 1 1 
20 09999 1 1 1 1 
25 1 1 1 1 1 
30 1 1 1 1 1 
5 0.9846 0.9949 0.9993 1 1 
3.11 
10 0.9954 0.9987 1 1 1 
15 0.9992 1 1 1 1 
20 0.9999 1 1 1 1 
25 1 1 1 1 1 
30 1 1 1 1 1 
5 0.9848 0.9947 0.9992 1 1 
4.67 
10 0.9950 0.9990 1 1 1 
15 0.9992 1 1 1 1 
20 1 1 1 1 1 
25 1 1 1 1 1 
30 1 1 1 1 1 
 
The results of the analysis of the thermal store capacities that can fulfil the heat 
demand of the site are further presented in the Table 4.14. The heat capacities of the thermal 
store that provides a reliability of energy supply less ‘1’ have been discarded in this instance. 
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Table 4.14 The storage capacity for Scenario C with different heat generations 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 25 
Solar collector 
(kW) 
5 ---------- ---------- ---------- 29.5449 29.9905 
1.56 
10 ---------- ---------- ---------- 29.5449 29.6967 
15 ---------- 29.5449 29.4454 28.8026 29.8974 
20 ---------- 29.8516 29.8516 29.8516 29.8974 
25 34.5406 34.5406 34.5406 34.5406 34.5406 
30 38.9248 38.9248 38.9248 38.9248 38.9248 
5 ---------- ---------- ---------- 38.1743 38.1743 
3.11 
10 ---------- ---------- 38.1743 38.1743 38.1743 
15 ---------- 39.2218 39.2218 39.2218 39.2218 
20 ---------- 38.1743 38.1743 38.1743 38.1743 
25 42.0642 42.0642 42.0642 42.0642 42.0642 
30 47.0642 47.0642 47.0642 47.0642 47.0642 
5 ---------- ---------- ---------- 46.7173 46.7173 
4.67 
10 ---------- ---------- 47.9189 47.9189 47.9189 
15 ---------- 47.9189 47.5403 46.7173 47.9189 
20 46.7173 46.7173 46.7173 46.7173 46.7173 
25 49.2083 49.2083 49.2083 49.2083 49.2083 
30 54.6739 54.6739 54.6739 54.6739 54.6739 
 
Table 4.14 shows thermal store for reasonable biomass boilers and gas boilers with 
3.1 𝑚2, 6.2 𝑚2, and 9.3 𝑚2 solar collector. It shows that increasing the solar thermal collector 
capacity has increased the storage capacity of the system without improvement in the flexibility 
of boiler rating required. The storage capacity with different heat sources at a fixed 15 kW heat 
pump can be seen in Figure 4.8. 
Figure 4.8 shows the thermal store with different gas boiler, biomass boiler and solar 
collector at a fixed 15 kW heat pump. The lowest storage capacity with a 3.1 𝑚2 solar collector 
is 28.8 kWh, while the gas boiler and biomass boiler are rated at 20 kW and 15 kW respectively. 
For a solar collector of 6.2 𝑚2, the lowest storage capacity is 38.17 kWh with a lower gas 
boiler and biomass boiler rated at 15 kW and 10 kW respectively. Similarly, the lowest storage 
capacity of a 9.3 𝑚2 solar collector is 46.72 kWh, while gas boiler is reduced further to 5 kW 
and biomass boiler is 20 kW. 
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Figure 4.8 Scenario C: Storage capacity with different gas boiler, biomass boiler and solar collector at a  fixed 15 kW heat 
pump 
 
4.4.5 Scenario D: 20 kW heat pump 
Similar analytical procedure was repeated for Scenario D. The heat pump is fixed at 
20 kW, and other heat generation outputs are allowed to vary. In this scenario, the solar 
collector output is set to 1.56 kW, 3.11 kW and 4.67 kW. The numerical simulation results for 
1.56 kW, 3.11 kW and 4.67 kW solar collectors are tabulated in Table 4.15. 
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Table 4.15  The storage capacity for different output of biomass, gas boiler and solar collector at fixed 20 kW heat pump 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 
Solar collector 
(kW) 
5 31.7977 31.7977 31.7977 31.7977 
1.56 
10 31.7977 32.1465 31.7977 32.1465 
15 31.7977 31.7977 31.7977 31.7977 
20 32.1465 32.1465 32.1465 32.1465 
25 34.8516 34.8516 34.8516 34.8516 
5 43.1249 43.1249 43.1249 43.1249 
3.11 
10 43.1249 43.1249 43.1249 43.1249 
15 41.2319 41.2319 41.2319 41.2319 
20 41.2319 41.2319 41.2319 41.2319 
25 43.1249 43.1249 43.1249 43.1249 
5 52.5403 52.5403 52.5403 52.5403 
4.67 
10 52.5403 51.3455 52.5403 51.3455 
15 51.7173 51.7173 51.7173 51.7173 
20 52.9189 52.9189 52.9189 52.9189 
25 52.5403 52.5403 52.5403 52.5403 
 
Table 4.15 shows the thermal storage heat capacity for different output of biomass, 
gas boiler and solar collector at a fixed 20 kW heat pump. As the capacity of the heat pump 
increases, the upper limit of the biomass boiler and gas boiler heat capacity is reduced to 25 
kW and 20 kW respectively. It is shown that not all biomass boiler and gas boiler capacity can 
fulfil the peak heat demand. To illustrate the combination of the technologies that can satisfy 
the hourly peak load throughout the year, a reliability analysis was repeated for 20 kW heat 
pump as Table 4.16 shows. 
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Table 4.16  The reliability for all type of biomass boiler, heat boiler and solar collector at  fixed 20 kW heat pump 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 
Solar collector 
(kW) 
5 0.9958 0.9990 1 1 
1.56 
10 0.9991 0.9999 1 1 
15 0.9998 1 1 1 
20 1 1 1 1 
25 1 1 1 1 
5 0.9962 0.9992 1 1 
3.11 
10 0.9991 1 1 1 
15 0.9999 1 1 1 
20 1 1 1 1 
25 1 1 1 1 
5 0.9958 0.9990 1 1 
4.67 
10 0.9994 1 1 1 
15 1 1 1 1 
20 1 1 1 1 
25 1 1 1 1 
 
The results of the analysis of the thermal store capacities that can fulfil the heat 
demand of the site are further presented in the Table 4.17. The heat capacities of the thermal 
store that provides a reliability of energy supply less ‘1’ have been discarded in this instance. 
Table 4.17 The storage capacity for Scenario D with different heat generations 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 
Solar collector 
(kW) 
5 ---------- ---------- 31.7977 31.7977 
1.56 
10 ---------- ---------- 31.7977 32.1465 
15 ---------- 31.7977 31.7977 31.7977 
20 32.1465 32.1465 32.1465 32.1465 
25 34.8516 34.8516 34.8516 34.8516 
5 ---------- ---------- 43.1249 43.1249 
3.11 
10 ---------- 43.1249 43.1249 43.1249 
15 ---------- 41.2319 41.2319 41.2319 
20 41.2319 41.2319 41.2319 41.2319 
25 43.1249 43.1249 43.1249 43.1249 
5 ---------- ---------- 52.5403 52.5403 
4.67 
10 ---------- 51.3455 52.5403 51.3455 
15 51.7173 51.7173 51.7173 51.7173 
20 52.9189 52.9189 52.9189 52.9189 
25 52.5403 52.5403 52.5403 52.5403 
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 Table 4.17 shows storage capacity for reasonable biomass boilers and gas boilers 
with 3.1 𝑚2, 6.2 𝑚2 and 9.3 𝑚2 solar collector. It shows that increasing the solar thermal 
collector capacity has increased the storage capacity of the system without improvement in 
the flexibility of boiler rating required. The storage capacity with different heat sources at a 
fixed 20 kW heat pump can be seen in Figure 4.9. 
Figure 4.9 shows the storage capacity with different gas boiler, biomass boiler and 
solar collector at a fixed 20 kW heat pump. The lowest storage capacity with a 3.1 𝑚2 solar 
collector is 31.8 kWh, while the gas boiler and biomass boiler are rated at 10 kW and 15 kW 
respectively. For a solar collector of 6.2 𝑚2, the lowest storage capacity is 41.23 kWh with a 
lower gas boiler and biomass boiler rating of 5 kW and 20 kW respectively. Similarly, the 
lowest storage capacity of a 9.3 𝑚2 solar collector is 51.35 kWh, while gas boiler and biomass 
boiler heating capacities are reduced further to 10 kW each. 


























Figure 4.9 Scenario D: Storage capacity with different gas boiler, biomass boiler and solar collector at  fixed 20 kW heat 
pump. 
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4.4.6 Scenario E: 25 kW heat pump 
Similar analytical procedure was repeated for Scenario E. The heat pump is fixed at 
25 kW, other heat generation outputs are allowed to vary. In this scenario, the solar collector 
output is set to 1.56 kW, 3.11 kW and 4.67 kW respectively. The numerical simulation results 
for 1.56 kW, 3.11 kW and 4.67 kW solar collector are tabulated in Table 4.18. 
Table 4.18  The storage capacity for different output of biomass, gas boiler and solar collector at fixed 25 kW heat pump 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 
Solar collector 
(kW) 
5 39.4454 39.4454 39.4454 39.4454 
1.56 
10 37.1465 37.1465 37.1465 37.1465 
15 39.4454 39.4454 39.4454 39.4454 
20 37.6198 37.6198 37.6198 37.6198 
5 48.1249 48.1249 48.1249 48.1249 
3.11 
10 48.1249 48.1249 48.1249 48.1249 
15 48.4929 48.4929 48.4929 48.4929 
20 49.2218 49.2218 49.2218 49.2218 
5 52.9189 52.9189 52.9189 52.9189 
4.67 
10 52.9189 52.9189 52.9189 52.9189 
15 56.7173 56.7173 56.7173 56.7173 
20 52.9189 52.9189 52.9189 52.9189 
 
Table 4.18 shows the thermal storage heat capacity for different output of biomass, 
gas boiler and solar collector at a fixed 25 kW heat pump. As the capacity of the heat pump 
increases, the upper limit of the biomass boiler heat capacity is further reduced to 20 kW. It is 
shown that not all biomass boiler and gas boiler capacity can fulfil the peak heat demand. To 
illustrate the combination of the technologies that can satisfy the hourly peak load throughout 
the year, a reliability analysis was repeated for 25 kW heat pump as Table 4.19 shows. 
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Table 4.19 The reliability for all type of biomass boiler, heat boiler and solar collector at  fixed 25 kW heat pump 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 
Solar collector 
(kW) 
5 0.9995 0.9999 1 1 
1.56 
10 0.9999 1 1 1 
15 1 1 1 1 
20 1 1 1 1 
5 0.9994 0.9999 1 1 
3.11 
10 1 1 1 1 
15 1 1 1 1 
20 1 1 1 1 
5 0.9997 1 1 1 
4.67 
10 1 1 1 1 
15 1 1 1 1 
20 1 1 1 1 
 
The results of the analysis of the thermal store capacities that can fulfil the heat 
demand of the site are further presented in the Table 4.20. The heat capacities of the thermal 
store that provides a reliability of energy supply less ‘1’ have been discarded in this instance 
Table 4.20 The storage capacity for Scenario E with different heat generations 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 
Solar collector 
(kW) 
5 ---------- ---------- 39.4454 39.4454 
1.56 
10 ---------- 37.1465 37.1465 37.1465 
15 39.4454 39.4454 39.4454 39.4454 
20 37.6198 37.6198 37.6198 37.6198 
5 ---------- ---------- 48.1249 48.1249 
3.11 
10 48.1249 48.1249 48.1249 48.1249 
15 48.4929 48.4929 48.4929 48.4929 
20 49.2218 49.2218 49.2218 49.2218 
5 ---------- 52.9189 52.9189 52.9189 
4.67 
10 52.9189 52.9189 52.9189 52.9189 
15 56.7173 56.7173 56.7173 56.7173 
20 52.9189 52.9189 52.9189 52.9189 
 
 Table 4.20 shows storage capacity for reasonable biomass boilers and gas boilers 
with 3.1 𝑚2, 6.2 𝑚2 and 9.3 𝑚2 solar collector. It shows that increasing the solar thermal 
collector capacity has increased the storage capacity of the system without improvement in 
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the flexibility of boiler rating required. The storage capacity with different heat sources at a 
fixed 25 kW heat pump can be seen in Figure 4.10. 
Figure 4.10 shows the storage capacity with different gas boiler, biomass boiler, solar 
collector at a fixed 25 kW heat pump. The lowest storage capacity with a 3.1 𝑚2 solar collector 
is 37.15 kWh, while both gas boiler and biomass boiler are rated at 10 kW. For a solar collector 
of 6.2 𝑚2, the lowest storage capacity is 48.13 kWh with a lower gas boiler and biomass boiler 
rating of 5 kW and 10 kW respectively. Similarly, the lowest storage capacity of a 9.3 𝑚2 solar 
collector is 52.92 kWh, while gas boiler and biomass boiler are rated at 5 kW and 10 kW 
respectively. 
























Figure 4.10 Scenario E: Storage capacity with different gas boiler, biomass boiler and solar collector at fixed a 25 kW heat 
pump 
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4.4.7 Scenario F: 30 kW heat pump 
The heat pump is fixed at 30 kW, and other heat generation outputs are allowed to 
vary. Similar analytical procedure was repeated for Scenario F. In this scenario, the solar 
collector output is set to 1.56 kW, 3.11 kW and 4.67 kW respectively. The numerical simulation 
results for 1.56 kW, 3.11 kW and 4.67 kW solar collectors are tabulated in Table 4.21. 
Table 4.21  The storage capacity for different output of biomass, gas boiler and solar collector at fixed 25 kW heat pump 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 
Solar collector 
(kW) 
5 41.2249 41.2249 41.2249 41.2249 
1.56 
10 42.6198 42.6198 42.6198 42.6198 
15 44.4454 44.4454 44.4454 44.4454 
20 43.8026 43.8026 43.8026 43.8026 
5 51.2319 51.2319 51.2319 51.2319 
3.11 
10 49.0716 49.0716 49.0716 49.0716 
15 51.2319 51.2319 51.2319 51.2319 
20 51.2319 51.2319 51.2319 51.2319 
5 62.5403 62.5403 62.5403 62.5403 
4.67 
10 61.3455 61.3455 61.3455 61.3455 
15 62.5403 62.5403 62.5403 62.5403 
20 61.3455 61.3455 61.3455 61.3455 
 
Table 4.21 shows the thermal storage heat capacity for different output of biomass, 
gas boiler and solar collector at a fixed 30 kW heat pump. To illustrate the combination of the 
technologies that can satisfy the hourly peak load throughout the year, a reliability analysis 
was repeated for 30 kW heat pump as Table 4.22 shows. All the reliability for different 
generations is ‘1’, which means different sizes of heat generation can fulfil the heat load 
throughout the year. The analysis results of the thermal store capacities that can fulfil the heat 
demand of the site are shown in the Table 4.21.   
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Table 4.22 The reliability for all type of biomass boiler, heat boiler and solar collector at  fixed 25 kW heat pump 
 Gas boiler (kW)  
Biomass boiler (kW) 
5 10 15 20 
Solar collector 
(kW) 
5 1 1 1 1 
1.56 
10 1 1 1 1 
15 1 1 1 1 
20 1 1 1 1 
5 1 1 1 1 
3.11 
10 1 1 1 1 
15 1 1 1 1 
20 1 1 1 1 
5 1 1 1 1 
4.67 
10 1 1 1 1 
15 1 1 1 1 
20 1 1 1 1 
 
The storage capacity with different heat sources at a fixed 25 kW heat pump can be 
seen in Figure 4.11 which shows the storage capacity with different gas boiler, biomass boiler 
and solar collector at a fixed 30 kW heat pump. The storage capacity profile with a 3.1 𝑚2 
solar collector is same no matter how biomass boiler and gas boiler heat capacities change 
as well as 6.2 𝑚2 solar collector and 9.2 𝑚2 solar collector. 
The lowest storage capacity with a 3.1 𝑚2 solar collector is 41.23 kWh, while both gas 
boiler and biomass boiler are rated at 5 kW. For a solar collector of 6.2 𝑚2, the lowest storage 
capacity is 49.07 kWh with the gas boiler and biomass boiler rated at 5 kW and 10 kW 
respectively. Similarly, the lowest storage capacity of a 9.3 𝑚2 solar collector is 61.34 kWh, 
while the gas boiler and biomass boiler rated at 5 kW and 10 kW respectively. As the heat 
pump is fixed at 30 kW, heat generation capacity no matter how these vary and thermal store 
can satisfy the hourly heat demand reliably throughout the year. There is no need of increasing 
the heat capacity of a gas boiler. 
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Figure 4.11 Scenario F: Storage capacity with different gas boiler, biomass boiler and solar collector at a fixed 30 kW heat 
pump 
 
4.4.8 Dynamic analysis of thermal store capacity  
The variation of the amount heat stored in the thermal store throughout the year in 
accordance with the site’s heat demand profile was analysed. There are different heat 
generation outputs and the size of solar thermal collector, the heat pump, gas boiler and solar 
collector outputs are fixed, while the biomass boiler heat capacity is allowed to vary in order 
to dynamic analyse. 
For example, the heat pump is fixed at 15 kW, while the gas boiler and solar collector 
rated 20 kW and 4.67 kW respectively. The biomass boiler output is allowed to vary. Figure 
4.12 shows the variation of amount heat stored in the thermal store throughout the year with 
5 kW biomass boiler, 15 kW heat pump, 20 kW gas boiler and 4.16 kW solar collector. It is 
shown the maximum energy stored in the thermal stored during the year occurred in June, 
reaching 46.72 kWh.  
Solar collector area 
= 6.2 m2 
Solar collector area 
= 9.3 m2 
 
Solar collector area 
 = 3.1 m2 




Figure 4.12 The variation of amount heat stored in the thermal store throughout the year with 5 kW biomass boiler, 15 kW 
heat pump, 20 kW gas boiler and 4.16 kW solar collector 
 
The instantaneous variation of the amount of stored heat in relation to 5 kW biomass 
boiler during a representative week of month of June is selected as Figure 4.13 shows. For 
thermal store, the heat generations charge it, which mean that the heat is input into thermal 
store. As a result, the heat capacities of heat generations are considered as positive value. 
However, the heat demand is satisfied by the thermal store, which means the heat is output 
from thermal store to buildings. As a result, the heat demand is considered as negative value.  
As Figure 4.13 shows, the maximum heat demand during a day always occurred at 
morning due to the heat demand and low temperature. The storage capacity was 19.59 kW at 
06:00 on June 22nd, which was accumulated from previous and during this period. Then, the 
heat demand was 14.3 kW. The thermal store capacity was sufficient to supply the heat 
demand, after that the thermal store capacity was 5.29 kW. Although the heat demand in the 
following hour decreased to 3.07 kW, 0.45kW solar collector heat capacity in combination with 
the thermal store capacity cannot meet the heat demand. Because the residual thermal 
storage capacity cannot be less than minimum storage capacity, 15 kW heat pump switch on 
for one hour to supply the rest heat demand. As a result, the heat store capacity was increased 
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continuously charged into the heat store. The heat pump switched off until the heat store 
cannot satisfy heat demand. The heat pump switched on six times and each time was one 
hour, mostly of them occurred in morning. The maximum storage capacity was 46.72 kW 
before 17:00 on June 22nd. The solar energy accumulated on the storage and the heat demand 
is 0 in afternoon. After 17:00, the heat demand became to increase, while the solar energy 
cannot satisfy it, the thermal store needed to discharge to supply the rest heat. 
 
Figure 4.13  The variation of storage capacity with 5 kW biomass boiler during a representative week of month of June 
 
The similar analytical procedure was repeated for heat output capacities of 10 kW, 15 
kW and 20 kW biomass boilers, respectively. The results of amount variation of heat stored in 
the thermal store throughout the year can be seen in Figure 4.14, Figure 4.15 and Figure 4.16 
respectively. Figure 4.14, Figure 4.15 and Figure 4.16 show the maximum energy stored in 
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Figure 4.14 The variation of amount heat stored in the thermal store throughout the year with 10 kW biomass boiler, 15 kW 
heat pump, 20 kW gas boiler and 4.16 kW solar collector 
 
 
Figure 4.15 The variation of amount heat stored in the thermal store throughout the year with 15 kW biomass boiler, 15 kW 






























































































































































































































































































































































































































































































Figure 4.16 The variation of amount heat stored in the thermal store throughout the year with 20 kW biomass boiler, 15 kW 
heat pump, 20 kW gas boiler and 4.16 kW solar collector 
 
The instantaneous variations in the amount of stored heat in relation to 10 kW, 15 kW 
and 20 kW biomass boilers during a representative week of the month are selected as Figure 
4.17, Figure 4.18 and Figure 4.19 show respectively.   
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Figure 4.17 shows that the maximum storage capacity with a 10 kW biomass boiler 
was 47.92 kW, which appeared before 17:00 on July 5th. The heat pump switched on 4 times 
and ran for one hour each time, all of which occurred in morning.  
 
 
Figure 4.18 The variation of storage capacity with 15kW biomass boiler during a representative week of month of June 
 
As Figure 4.18 and Figure 4.19 show, the variation of storage capacity with 15 kW and 
20 kW biomass boilers during a representative week of the month of June are same. The 
maximum storage capacity for them was 46.72 kW, which appeared before 17:00 on June 
22nd. The heat pump switched on 5 times and worked for one hour each time, 80% of which 
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Figure 4.19 The variation of storage capacity with 20 kW biomass boiler during a representative week of month of June 
 
The similar analytical procedure was repeated for heat capacities of 25 kW and 30 kW 
biomass boilers, respectively. The results of amount variation of heat stored in the thermal 
store throughout the year can be seen in Figure 4.20 and Figure 4.21 respectively. Figure 4.20 
and Figure 4.21 show the maximum energy stored in the thermal stored during the year 
occurred in April and May respectively, which are not in summer (June and July). As a result, 
the amount variation of heat stored during a representative week of the month is different due 
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Figure 4.20 The variation of amount heat stored in the thermal store throughout the year with 25 kW biomass boiler, 15 kW 
heat pump, 20 kW gas boiler and 4.16 kW solar collector 
 
 
Figure 4.21 The variation of amount heat stored in the thermal store throughout the year with 30 kW biomass boiler, 15 kW 
heat pump, 20 kW gas boiler and 4.16 kW solar collector 
 
For example, the instantaneous variation of the amount of heat stored in relation to 25 
kW biomass boiler during a representative week of month of April is selected as Figure 4.22 
shows. The thermal store capacity was 6.48 kW at 01:00 which was accumulated from 
previous day, the thermal store can satisfy the next two hours’ heat load without other heat 
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to meet heat demand, while 15 kW heat pump switched on for one hour according to priority 
order. Then, it switched off until 07:00, while the heat demand was 21.63 kW, the residual 
thermal storage capacity cannot satisfy it. The heat pump switched on for one hour, however, 
the sum of heat pump output and thermal store capacity cannot satisfy the heat demand. As 
a result, 25 kW biomass boiler in conjunction with 15 kW heat pump worked for one hour to 
satisfy the heat demand, while surplus heat was accumulated in thermal store. After that, 
biomass boiler and heat pump switched off until to 21:00, while thermal store cannot satisfy 
the heat demand. Biomass boiler switched on for only one hour to supply the heat according 
to priority order. The maximum store capacity occurred before 17:00 on April 27th, which was 
49.21 kW. The heat pump switched on 10 times for 11 hours, because heat pump worked for 
2 hours one time. Most of heat pump worked in morning. Biomass boiler switched on 12 times 
and each time is only one hour, of which 3 times biomass boiler worked in combination with 
heat pump. 
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The instantaneous variation in the amount of heat stored in relation to 30 kW biomass 
boiler during a representative week of the month of May is selected as Figure 4.23 shows. 
Similarly, the maximum store capacity occurred before 17:00 on May 31st, which was 54.67 
kW with lower start up times of 15 kW heat pump and 30 kW biomass boiler rated at 4 and 7 
respectively. Both biomass boiler and gas boiler switched on for only one hour. All the heat 
pump occurred in morning. 
 
Figure 4.23 The variation of storage capacity with 30 kW biomass boiler during a representative week of month of May 
 
Overall, dynamic analysis of thermal storage with different size biomass boiler have 
been studied. The maximum storage capacity with different size biomass boiler during a 
representative week always occurred before 17:00. For 5 kW to 20 kW biomass boiler, solar 
energy can charge the thermal store to satisfy mostly heat demand, the rest heat was met by 
heat pump. The heat pump worked as backup equipment mostly in morning. For 25 kW and 
30kW biomass boiler, the representative week of month was in April and May respectively, 
the heat demand is higher than in July and June. As a result, the heat pump, solar collector 
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4.4.9 Optimisation of heat sources for different output solar collector 
The lowest thermal store capacity for fixed heat pump (5 kW, 10 kW, 15 kW, 20 kW, 
25 kW and 30 kW) with different size solar collector, biomass boiler and gas boiler has been 
obtained. It can be divided according to the three types of solar collectors. 
Under the same output of a solar collector, the optimisation of heat generations abided 
by the following principles. Firstly, the smallest storage capacity is retained. Secondly, the sum 
heat output of biomass boiler, heat pump and gas boiler are the lowest when the storage 
capacity is the same. Lastly, clean energy system is selected when the storage capacity and 
output of heat generations are the same. 
Table 4.23 Different heat generations with different thermal store capacities 
Solar collector 
(kW) 











5 20 20 28.11 
10 15 20 26.68 
15 15 20 28.8 
20 15 10 31.8 
20 5 15 31.8 
25 10 10 37.15 
30 5 5 41.23 
3.11 6.2 
5 15 20 35.26 
10 10 20 33.12 
15 20 10 38.17 
15 10 15 38.17 
15 5 20 38.17 
20 20 5 41.23 
20 15 10 41.23 
25 10 5 48.13 
25 5 15 48.13 
30 10 5 49.07 
4.67 9.3 
5 10 25 44.21 
10 15 15 42.54 
15 20 5 46.72 
15 5 20 46.72 
20 10 10 51.35 
25 10 5 52.92 
25 5 10 52.92 
30 10 5 61.35 
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From Table 4.23, the lowest storage capacity to satisfy the site’s energy demand is 
26.68 kW which would require a combination of 10 kW heat pump, 15 kW biomass boiler and 
20 kW gas boiler and for a solar collector is 1.56 kW (3.1 𝑚2). For 6.2 𝑚2 solar collector, the 
optimum heat sources are 10 kW heat pump, 10kW biomass boiler and 20kW gas boiler, while 
the storage capacity is 33.12 kWh. For 9.3 𝑚2 solar collector, the optimum heat sources are 
10 kW heat pump, 15 kW biomass boiler and 15 kW gas boiler, while the storage capacity is 
42.54 kWh. The optimised heat generations outputs and storage capacities are summarised 
in Table 4.24 shows. 

















1 1.56 3.1 10 15 20 26.68 
2 3.11 6.2 10 10 20 33.12 
3 4.67 9.3 10 15 15 42.54 
  
To select the optimum thermal store capacity among the three cases summarised in 
Table 4.24, a further insight into the instantaneous variation of the thermal capacity during a 
period of high thermal demand is investigated. The variation for the heat generation and 
storage capacity are then considered for the biggest thermal storage of the year. It was 
established through the model that the biggest storage capacity for the 1.56 kW solar collector 
occurred on July 6th. The load and heat generation profiles are shown in Figure 4.24, where it 
can be seen that in the morning (00:00 to 07:00) the thermal store capacity was 8.65 kWh 
which was accumulated from previous and during this period there is no demand for heat. A 
call for heat (domestic hot water) spiked at 07:00 with a peak load of 13.87 kW. Because the 
energy available from the thermal store is not enough to meet the heat load. A 10 kW heat 
pump and a 15 kW biomass boiler were both required to generate heat in the set of priority 
order. As no modulation of the heat generation system was considered, a surplus of energy 
was generated which contributed to the increasing the energy stored in the store capacity. 
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The increase of thermal store’s energy meant that the heat pump and biomass boiler were not 
required for the rest the day and the thermal store alone and the solar collector were sufficient 
to meet the demand for hot water. During the day, the solar collector increased the thermal 
store energy by about 10.84 kWh about to a peak of 26.68 kWh. 
 
Figure 4.24 The heat generation and storage capacity variation for 1.56 kW solar collector on July 6th. 
 
In a similar scenario, for the 6.2 𝑚2 solar collector (3.11 kW), the highest amount of 
energy stored in the thermal store was obtained on June 20th. The total initial amount of energy 
of the thermal store carried over from the previous day stood at 11.29 kWh before 07:00 as 
shown in Figure 4.25. The heat demand between 07:00 and 08:00 was modelled as a step 
increase of 14.3 kW. To supply the heat load for hot water, the 10 kW heat pump in 
combination with thermal store capacity was sufficient to supply the load for one hour. Even 
though the heat demand decreased in the following hour to 3.07 kW, the heat capacity of the 
thermal store alone was not sufficient to meet the heat demand as it was discharged to 6.99  
kWh which requires the heat pump to operate for another hour in conjunction with the solar 
collector and recharge the thermal store in turn. By the next call for heat at 17:00, the amount 
of energy accumulated in the thermal store supplied by the solar collector reached 33.12 kWh. 
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For the remainder of the day the heat demand was all supplied by the thermal store with 
excess capacity carried over to the following day.  
 
Figure 4.25 The heat generation and storage capacity variation for 3.11 kW solar collector on June 20th 
 
The previous mode of the operation of the heat networks was replicated for the 9.3  𝑚2 
(4.67 kW) solar collector as shown in Figure 4.26, the exception in that case is that the peak 
amount of heat stored in the thermal store increased to 42.54 kWh. 
 
Figure 4.26 The heat generation and storage capacity variation for 4.67 kW solar collector on June 8th 
 
From the previous dynamic analysis, the optimum storage capacity of the thermal store 
and the operation schedule of different generation systems was obtained. 
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To assess the contribution of each technology to the generation, Figure 4.27 shows 
the total number of working hours per year of each heat source for the case of a solar collector 
with 3.1  𝑚2. It can be seen that as the solar collector is taken as priority ‘1’ for operation, it 
recorded the longest working hour of 1891 hours, while the gas boiler which is ranked lowest 
in the operation priority was only called upon for 85 hours. Ranked second in the total number 
of working hours is the biomass boiler with 1746 hours while the heat pump operated for a 
total of 1146 hours per year. In the absence of other heat generations for charging, the thermal 
energy storage can work for up to 24 hours. 
 
Figure 4.27 Total working time of each heat source in case 1. 
 
The total number of working hours per year of each heat source for the case of a solar 
collector with 6.2  𝑚2 as Figure 4.28 shows. It can be seen that the solar collector recorded 
with same hours of 1891 hours, while it ranked second in the total number of working hours. 
However, the working hours of biomass boiler increased to the longest working hours of 2042 
hours, which recorded the first of total number of working hours. Similarly, gas boiler ranked 
lowest in the operation priority with higher working hours for 188 hours, while heat pump 
operated for a total of 1425 hours per year. In the absence of other heat generations for 





























Figure 4.28 Working time of each heat source in case 2. 
 
As Figure 4.29 shows, the previous ranking of working hours for heat generation in 
case 1 was replicated for the 9.3  𝑚2 solar collector, the exception in that case 3 was that 
number of working hours for heat pump, biomass boiler and gas boiler, which was 1043 hours, 
1724 hours and 82 hours respectively. The longest working hour of 1891 hours was solar 
collector. In the absence of other heat generations for charging, the thermal energy storage 
can work for up to 96 hours in summer due to the increase of solar collector area. As it rains 
1 in 3 days in England on average, the solar energy is little in winter which has little impact on 
solar collector. In summer, heat pump can work while the solar collector is not functioning in 
summer. 
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4.4.10 Annual thermal energy contribution mix 
 The annual energy generation contribution of each heat source for the three cases is 
shown in Figure 4.30 (a, b, c). The largest annual output was biomass boiler for three cases, 
which was 26.19 MWh, 20.45 MWh, 25.86 MWh respectively. The biomass boiler for three 
cases accounted for more than 50% of the total output of heat sources. The heat pump was 
the second largest annual output for three cases, representing 11.46 MWh, 14.25 MWh, 10.43 
MWh respectively. The third largest one for case 1 and case 2 was the gas boiler, while the 
last one is solar collector. However, the third largest contrition device was solar collector in 
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a) Solar collector 3.1  𝑚2                                                         b) Solar collector 6.2  𝑚2 
  












c) Solar collector 9.3  𝑚2 
Figure 4.30 Annual thermal energy contribution by heat source 





The developed methodology was used to optimise the heat sources and obtain the 
heat storage capacity through annual heat demand, different output of heat generations (solar 
collector, heat pump, biomass boiler and gas boiler) and reliability analysis. The reasonable 
different sizes of heat generation can be obtained from Scenario A-F.  
Dynamic analysis of thermal storage capacity was established for different size 
biomass boiler during a representative week of month. The biggest storage capacity during a 
year always occurred before 17:00, because solar energy continuously charged thermal store 
and the heat demand is 0 from 9:00-17:00. The variation of storage capacity profile was 
caused by biggest thermal capacity’s month, the operation priority of heat sources was 
variable in different months. Solar energy was the basic heat source to supply the heat load, 
while the heat pump was as an auxiliary heat source to supply the rest energy which cannot 
be supplied by the thermal store and solar energy during July and June. The basic heat source 
was heat pump and thermal store, biomass boiler works as a backup heat source during April 
and May. In addition, there is a little solar energy to charge the thermal store. 
Optimisation for the heat source for different solar collector can be divided into three 
cases.  
Case1: 1.56 kW solar collector, 10 kW heat pump 15 kW biomass boiler and 20 kW 
gas boiler with 26.68 kWh thermal store capacity. 
Case2: 3.11 kW solar collector, 10 kW heat pump 10 kW biomass boiler and 20 kW 
gas boiler with 33.12 kWh thermal store capacity. 
Case 3: 4.67 kW solar collector, 10 kW heat pump 15 kW biomass boiler and 15 kW 
gas boiler with 42.54 kWh thermal store capacity 
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The operation of heat sources and storage variation on the day of maximum storage 
capacity for three cases. The working time of solar collectors for three cases were all 1891 
hours, ranking 1st, 2nd, 1st in length of time. Excluding the solar collector working time, 
remaining heat sources were sorted by total working hours. The longest one was biomass 
boiler, the next one was heat pump and the last one was gas boiler. In the absence of other 
heat generations for charging, the thermal energy storage can work for up 4 days in summer. 
As it rains 1 in 3 days in England on average, the solar energy is little in winter which has little 
impact on solar collector. In summer, heat pump can work while the solar collector is not 
functioning in summer. 
Although the working time of solar collector is relatively long, the solar collector is 
generally ranked in the last two for three cases according to the total output of each heat 
source due to to the global horizontal radiation. The largest generation for three cases was all 
biomass boilers, while the heat pump was the second largest heat generation. Biomass boiler 
and heat pump contributed more than 85% of heat demand, which were the main heat 
generations for three cases. Gas boiler covered less than 10% of heat demand, working as 
auxiliary boiler. 
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5 Optimisation of the thermal store 
5.1 Introduction 
In this chapter, the thermal storage including heat loss is optimised for integration into 
LTDH system. A MATLAB program was developed to solve a dynamic mathematical model to 
simulate the hourly variation of heat demand of the site. The simulation also includes optimised 
heat generation form the heat sources. 
Firstly, the mathematical model for LTDH system with heat loss of thermal storage is 
established in section 5.2. Secondly, the optimisation of thermal store capacity was considered 
for three scenarios as shown in section 5.3. The overall effect of heat loss of the thermal store 
was also assessed in section 5.4. The chapter findings are finally summarised in section 5.5. 
5.2 Methodology 
The thermal store capacity is established from the heat balance of heat generations 
from all contributing heat sources and heat demand of the site on hourly basis. To improve 
the accuracy of the model, the heat loss from the thermal store is taken into account in this.   
The thermal capacity of the thermal store is usually specified by the industry by the 
water content volume which in turn can established the physical size of the component. 
Therefore, the volume of the thermal store can be evaluated by the following equation: 
𝑉 =
𝑄𝑠−𝑏𝑖𝑔 ∗ 3.6 ∗ 10
6
𝐶𝑃𝜌∆𝑇𝑠
(5 − 1) 
Where 𝑉 is the volume of thermal store (𝐿), 𝑄𝑠−𝑏𝑖𝑔 is the maximum of energy stored in 
thermal store (kWh), 𝐶𝑃 is the specific heat capacity of water (𝑘𝐽/(𝑘𝑔 ∙ 𝐾)), 𝜌 is the density of 
water (𝑘𝑔/𝑚3), ∆𝑇𝑠 is the temperature difference for thermal store supply/ return temperature 
(°C).  
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Similarly, the heat loss of the thermal store through its outer walls depends on the level 
of thermal insulation and ambient temperature. This can be expressed by the following 
equation 
𝑄𝑙𝑜𝑠𝑠 = 𝑈𝐴∆𝑇/1000 (5 − 2) 
Where 𝑄𝑙𝑜𝑠𝑠 is heat loss of thermal store (kW), 𝑈 is overall heat transfer coefficient 
(𝑊/(𝑚2𝐾)),  𝐴 is the surface area of thermal store (𝑚2), T is the temperature difference 
between the water temperature and ambient temperature (°C). The surface area of a 
cylindrical shape thermal store is determined by  
𝐴 = 𝜋𝑑ℎ +
1
2
𝜋𝑑2 (5 − 3) 
Where 𝑑 is the diameter of thermal store (𝑚), ℎ is the height of thermal store (𝑚). 
Combined with Equation (5-2) and Equation (5-3), the heat loss can be expressed  
𝑄𝑙𝑜𝑠𝑠 = 𝑈 ∙ (𝜋𝑑ℎ +
1
2
𝜋𝑑2) ∙ (𝑇𝑖𝑛 − 𝑇𝑎)/1000 (5 − 4) 
Where 𝑇𝑖𝑛 is the average temperature of water inside the thermal store (℃), 𝑇𝑎 is the 
ambient temperature (℃). The heat transfer coefficient is assumed same for horizontal and 
vertical faces. 
By taking into account heat loss from the thermal store, its energy balance developed 
in Equation (4-3) can be re-written as follows: 
𝑄𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = 𝑄𝐼𝑛𝑡𝑖𝑎𝑙 + 𝑄𝑆 + 𝑄𝐻 + 𝑄𝐵 + 𝑄𝐺 − 𝑄𝑂𝑢𝑡 − 𝑄𝑙𝑜𝑠𝑠 (5 − 5) 
The thermal store energy balance of Equation (5-5) can be applied to the schedule of 











𝑙𝑜𝑠𝑠 (5 − 6) 
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Where indices 𝑖, 𝑗  represent day and hour respectively, the parameter of 𝛼, 𝛽, 𝛾 are 
equal ‘1’ when a heat source is on and ‘0’ when a heat is off. The priority given to each heat 
source operation remains unchanged to that given in Table 4.1. 
In this optimisation, it was assumed that initially the thermal store carries over an 






  For i=1, j=0 
  The flow chart algorithm for thermal store capacity is presented in Figure 5.1, with 
day 1 is taken as January 1st, the range of day ‘i’ from 1 to 365 are from January 1st to 
December 31st. For the hour of day ‘j’ ranging from 0:00 to 07:00, the decision for ‘j <=7’ means 
whether the hour is from 0:00 to 7:00. The variation of thermal store capacity during a year 
can be obtained. The thermal store capacity can be determined by the maximum thermal store 
capacity as follows: 
𝑄𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = max (𝑄𝑖,𝑗+1
𝑆𝑡𝑜𝑟𝑎𝑔𝑒
), ∀ i, j 
Using the previous mathematical formulation, the optimisation model of the thermal store 
was developed in MATLAB software with data exported to excel to analyses including reliability 
analysis.   
 




Figure 5.1 A flow chart algorithm for thermal store capacity 
 
  




5.3 Optimisation of thermal storage capacity  
The optimisation of the thermal store heat capacity is important in enhancing energy 
efficiency, flexibility and accommodation of renewable energy generation into network. To 
integrate intermittent source of heat from solar collector, a dynamic model based on yearly 
heat load was used in optimisation of the size of the thermal store. 
As described in the previous chapter, four heat sources were selected to supply heat 
into the thermal store namely gas boiler, biomass boiler, heat pump, and solar thermal 
collector. The contribution of each heat source is prioritized with solar collector having 
precedence on other sources. The size of the store is determined as the hourly peak storage 
capacity over a period of one year required to satisfy the heat demand of the site. 
As described in the previous chapter, three sizes solar collector were retained for the 
optimisation of the thermal store exercise: 1.56 kW, 3.11 kW and 4.67 kW. The thermal store 
capacity calculation was obtained by considering the dynamic variation of the heat generation 
and heat load. The MATLAB optimisation codes are given in Appendix C. 
5.3.1 Scenario 1: 1.56 kW solar collector 
The optimisation process is similar to that described in Chapter 4. According to Chapter 
4, the annual thermal capacity of the thermal store with 1.56 kW solar collector where it can 
be seen that the maximum storage capacity for this scenario is 26.68 kWh. The specific heat 
capacity of water in thermal store is assumed at 4.18 𝑘𝐽/(𝑘𝑔 ∙ 𝐾) and the density of water is 
1000 𝑘𝑔/𝑚3. The volume of thermal store can be estimated according to Equation (5-1), which 
is 919.12 liters. Based on the value of thermal store volume, the matched manufacturing size 
can be designed. From the manufacturing data, the tank is cylindrical shapes with 1.03 m 
diameter, 2.132 m height, and 0.12 m thickness [170].The thermal conductance is 0.041 
𝑊/(𝑚 ∙ 𝐾), and the heat transfer coefficient is 0.3417 𝑊/(𝑚2𝐾)) [170]. The manufacturing 
data above are used to calculate the variation of thermal store heat loss throughout a year. 
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Table 5.1 shows a sample of heat generation capacity of heat sources and 
corresponding thermal store from January 1st. The initial storage capacity of the thermal store 
is 5 kWh, which is considered the minimum amount of energy storage. For example, at 07:00, 
the heat load is 8.96 kW, the heat stored carried over from the previous hour is 9.81 kWh, 
which cannot cover the heat load of the site. Hence, a 10 kW heat pump is brought online for 
one hour to supply the required heat for the site and store any excess heat in the thermal store 
which is increased the thermal store capacity to 10.71 kWh at the end of the hour. At 08:00, 
the heat load increases to 42 kW, and again the 10.71 kWh thermal store capacity cannot 
cover it, which requires bringing additional capacity by turning on the heat pump (10 kW), 
biomass boiler (15 kW) and gas boiler (20 kW). The use of the gas boiler is considered as a 
last priority in terms of carbon emission and is only used to supply peak load. Any heat 
generation exceedance is then stored in the thermal store which the heat of the thermal store 
is increased to 13.57 kWh. 
Lastly, it is shown in Table 5.1 that for January 1st operation, the gas boiler only was 
switched on one hour, that heat pump started up for 4 times, while biomass boiler started up 
twice. The number of startup times of the heat sources is important in that it influences the 
maintenances cost of the system and decreases reliability. On an annual basis the biomass 
boiler has the highest startups (935 times), the heat pump (808 times) and gas boiler started 
up 90 times. This will be explored further in the next chapter. 
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00:00        5 1 
01:00 5.79 1.4 0 10 0 0 0.13 9.07 1 
02:00 6.3 0.5 0 10 0 0 0.14 12.64 1 
03:00 7.13 -0.2 0 0 0 0 0.14 5.38 1 
04:00 7.86 -0.7 0 10 0 0 0.14 7.38 1 
05:00 8.43 -0.9 0 10 0 0 0.14 8.81 1 
06:00 8.86 -1.1 0 10 0 0 0.14 9.81 1 
07:00 8.96 -0.4 0 10 0 0 0.14 10.71 1 
08:00 42 0 0 10 15 20 0.14 13.57 1 
09:00 23.2 0.7 0 0 15 0 0.14 5.28 1 
10:00 16.4 1.2 0 10 15 0 0.13 13.75 1 
11:00 14.8 1.7 0 0 15 0 0.13 13.86 1 
12:00 13.9 2.5 0 0 15 0 0.13 14.83 1 
13:00 17.5 2 0 0 15 0 0.13 12.19 1 
14:00 12.8 1.5 0 0 15 0 0.13 14.30 1 
15:00 11 2 0 0 15 0 0.13 18.12 1 
16:00 12.4 1.6 0 0 0 0 0.13 5.59 1 
17:00 14.2 0.8 0 0 15 0 0.14 6.30 1 
18:00 22.4 0.3 0 10 15 0 0.14 8.79 1 
19:00 21 -0.1 0 10 15 0 0.14 12.69 1 
20:00 13.3 -0.2 0 0 15 0 0.14 14.28 1 
21:00 17.4 -0.5 0 0 15 0 0.14 11.71 1 
22:00 17.6 -0.7 0 0 15 0 0.14 8.97 1 
23:00 15.7 -0.8 0 0 15 0 0.14 8.09 1 
24:00 4.74 -0.9 0 0 15 0 0.14 18.21 1 
 
Based on the data from the maximum thermal store capacity that satisfies the heat 
demand, it can be seen from Table 5.2 that the maximum heat capacity of the thermal store 
occurs on month July and day 14 which amounts to 25.96 kWh corresponding a thermal store 
894.32 liters.  
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00:00        8.94 1 
01:00 0.00 13.6 0.00 0 0 0 0.10 8.84 1 
02:00 0.00 13.8 0.00 0 0 0 0.10 8.74 1 
03:00 0.00 14.3 0.00 0 0 0 0.10 8.64 1 
04:00 0.00 14 0.00 0 0 0 0.10 8.54 1 
05:00 0.00 14.1 0.00 0 0 0 0.10 8.44 1 
06:00 0.06 15 0.00 0 0 0 0.10 8.28 1 
07:00 13.70 15.7 0.00 10 15 0 0.10 19.48 1 
08:00 2.94 16.4 0.41 0 0 0 0.09 16.85 1 
09:00 0.00 17.4 0.72 0 0 0 0.09 17.47 1 
10:00 0.00 18.1 1.07 0 0 0 0.09 18.45 1 
11:00 0.00 19.4 1.33 0 0 0 0.09 19.70 1 
12:00 0.00 20.3 1.48 0 0 0 0.08 21.09 1 
13:00 0.00 21 1.51 0 0 0 0.08 22.52 1 
14:00 0.00 21.8 1.44 0 0 0 0.08 23.88 1 
15:00 0.00 21.9 1.25 0 0 0 0.08 25.05 1 
16:00 0.00 22.7 0.99 0 0 0 0.08 25.96 1 
17:00 5.89 22 0.63 0 0 0 0.08 20.62 1 
18:00 5.89 20.9 0.11 0 0 0 0.08 14.76 1 
19:00 0.00 19.4 0.00 0 0 0 0.09 14.67 1 
20:00 2.43 18.3 0.00 0 0 0 0.09 12.15 1 
21:00 2.43 16.9 0.00 0 0 0 0.09 9.63 1 
22:00 0.00 15.3 0.00 0 0 0 0.10 9.53 1 
23:00 0.00 14.9 0.00 0 0 0 0.10 9.43 1 
24:00 0.00 14.5 0.00 0 0 0 0.10 9.33 1 
 
Furthermore, the heat supply contribution in terms of the number of operation hours of 
each source for a duration of one year that can satisfy the demand was evaluated. This is 
taking into account the UK different electricity tariffs. The night tariffs are those between 00:00 
and 07:00, while day tariffs are applied for the remaining time (07:00- 24:00) according to SSE 
Airtricity [171]. The results of the modelling of the length of operation of each heat source for 
day and night schedules is shown in Figure 5.2. As it can be observed, the solar collector 
recorded the highest number of hours of operation with a total of 1891 hours, as it is ranked 
top for preferential operation. The biomass boiler was the second longest heat source in terms 
Optimisation of the thermal store 
127 
 
of the number of hours of operation and recording 1775 hours. It was also interesting to notice 
that the majority of running hours of the biomass boiler were during daytime (86.2%). The heat 
pump on the other hand contributed more operation hours during night time as electricity were 
more favorable (780 hours). Finally, given that the gas boiler is used to meet peak load 
demand, it was operated for only a total of 90 hours with that 90% of time was during day time 
as this coincides with early morning and late afternoon peak demand for heat.  
 
Figure 5.2  Total working time for each heat source in scenario 1. 
 
The site’s heat demand is satisfied when there is excess heat storage (i.e., storage 
capacity higher than 5 kWh) in the thermal store and this indicated by a ‘1’ for ‘Demand met’ 
or a ‘0’ otherwise. The ‘Demand met’ value is evaluated on hourly basis for a full year of 
operation (8760 hours). The number of hours of operation of which the ‘demand met’ is ‘1’ is 
presented as a percentage for which the system would supply heat reliably, as expressed by 
Equation (4-7). It was found that this contribution of heat sources and thermal store capacity 
can fulfil the site’s heat demand throughout the year, giving a system’s reliability of 100%. 
A further break down of each heat source contribution in terms of heat generation is 
shown in Figure 5.3. The largest amount of heat contribution is featured by the biomass boiler, 

































Night Day Total working time
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heat with an annual output of 11.91 MWh, while the contribution of solar collector and gas 
boiler, though important, is only marginal. The heat pump and biomass boiler are the main 
heat sources to cover the heat demand, which contribute 93.43% of heat demand. 





 1.56 kW solar collector 
 10 kW heat pump
 15 kW biomass boiler




Figure 5.3 Annual output of each heat source in scenario 1 
 
5.3.2 Scenario 2: 3.11 kW solar collector 
The similar analytical procedure was repeated for scenario 2. According to Chapter 4, 
the annual thermal capacity of the thermal store with a 3.11 kW solar collector where it can be 
seen that the maximum storage capacity for this scenario is 33.12 kWh. Similarly, the volume 
of thermal store is 1140.98 liters, and the matched manufacturing size can be designed. From 
the manufacturing data, the tank is of cylindrical shapes with the diameter, height and 
thickness of 1.24 m, 2.142 m, and 0.12 m, respectively. The thermal conductance is 0.041 
𝑊/(𝑚 ∙ 𝐾) , and the overall heat transfer coefficient is 0.3417 𝑊/(𝑚2𝐾) ) [170]. The 
manufacturing data above are used to calculate the variation of thermal store heat loss 
throughout a year .  
Table 5.3 reveals a sample of heat generation capacity of heat sources and 
corresponding thermal store from January 1st. The initial storage capacity of the thermal store 
is 5 kWh, which is considered as the minimum amount of energy storage. For example, the 
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heat load is 8.96 kW at 07:00, and the heat stored carried over from the previous hour is 9.61 
kWh, which cannot cover the heat load of the site. Hence, a 10 kW heat pump switches for 
one hour to supply the required heat for the site and store any excess heat in the thermal store 
which is increased the thermal store capacity to 10.5 kWh at the end of the hour. At 08:00, the 
heat load increases to 42 kW, and again the 10.5 kWh thermal store capacity cannot cover it, 
which requires bringing additional capacity by turning on the heat pump (10 kW), biomass 
boiler (10 kW) and gas boiler (20 kW). The use of the gas boiler is considered as a last priority 
in terms of carbon emission and is only used to supply peak load. Any heat generation 
exceedance is then stored in the thermal store which the heat of the thermal store is decreased 
to 8.33 kWh. 
Lastly, it is shown in Table 5.3 that for January 1st operation, the gas boiler only was 
switched on two hours, that the heat pump started up for 5 times, while biomass boiler started 
up twice. The number of startup times of the heat sources is important in that it influences the 
maintenances cost of the system and decreases reliability. On an annual basis the heat pump 
has the highest startup times (965 times), while the biomass boiler and gas boiler started up 
for 784 times and 175 times, respectively. This will be explored further in the next chapter. 
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00:00        5 1 
01:00 5.79 1.4 0 10 0 0 0.17 9.04 1 
02:00 6.3 0.5 0 10 0 0 0.17 12.6 1 
03:00 7.13 -0.2 0 0 0 0 0.17 5.28 1 
04:00 7.86 -0.7 0 10 0 0 0.17 7.25 1 
05:00 8.43 -0.9 0 10 0 0 0.17 8.65 1 
06:00 8.86 -1.1 0 10 0 0 0.17 9.61 1 
07:00 8.96 -0.4 0 10 0 0 0.17 10.5 1 
08:00 42 0 0 10 10 20 0.17 8.33 1 
09:00 23.2 0.7 0 10 10 20 0.17 25 1 
10:00 16.4 1.2 0 0 0 0 0.17 8.43 1 
11:00 14.8 1.7 0 10 10 0 0.16 13.5 1 
12:00 13.9 2.5 0 0 10 0 0.16 9.44 1 
13:00 17.5 2 0 10 10 0 0.16 11.8 1 
14:00 12.8 1.5 0 0 10 0 0.17 8.85 1 
15:00 11 2 0 0 10 0 0.16 7.64 1 
16:00 12.4 1.6 0 0 10 0 0.17 5.08 1 
17:00 14.2 0.8 0 10 10 0 0.17 10.8 1 
18:00 22.4 0.3 0 10 10 0 0.17 8.21 1 
19:00 21 -0.1 0 10 10 0 0.17 7.08 1 
20:00 13.3 -0.2 0 10 10 0 0.17 13.6 1 
21:00 17.4 -0.5 0 0 10 0 0.17 6.04 1 
22:00 17.6 -0.7 0 10 10 0 0.17 8.26 1 
23:00 15.7 -0.8 0 10 10 0 0.17 12.3 1 
24:00 4.74 -0.9 0 0 0 0 0.17 7.43 1 
 
 
Based on the data from the maximum thermal capacity of thermal store that satisfies 
the heat demand, it can be seen from Table 5.4 that the maximum heat capacity of the thermal 
store occurs on month June and day 6 which amounts to 31.72 kWh corresponding a thermal 
store 1092.75 liters.  
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00:00        5.99 1 
01:00 0.00 7.5 0.00 0 0 0 0.15 5.84 1 
02:00 0.02 7.4 0.00 0 0 0 0.15 5.67 1 
03:00 0.04 7.4 0.00 0 0 0 0.15 5.48 1 
04:00 0.08 7.4 0.00 0 0 0 0.15 5.25 1 
05:00 0.18 7.4 0.00 10 0 0 0.15 14.93 1 
06:00 2.22 7.8 0.00 0 0 0 0.15 12.56 1 
07:00 15.80 9 0.00 10 0 0 0.14 6.62 1 
08:00 3.35 10.5 0.68 10 0 0 0.14 13.81 1 
09:00 0.00 11.8 1.52 0 0 0 0.13 15.20 1 
10:00 0.00 13.3 2.15 0 0 0 0.13 17.23 1 
11:00 0.00 14.2 2.61 0 0 0 0.12 19.71 1 
12:00 0.00 16.1 2.88 0 0 0 0.12 22.48 1 
13:00 0.00 16.1 2.90 0 0 0 0.12 25.26 1 
14:00 0.00 16.6 2.72 0 0 0 0.12 27.86 1 
15:00 0.00 17 3.11 0 0 0 0.12 30.08 1 
16:00 0.00 17 1.76 0 0 0 0.12 31.72 1 
17:00 6.31 17 1.03 0 0 0 0.12 26.33 1 
18:00 6.31 16.3 0.30 0 0  0 0.12 20.19 1 
19:00 0.00 14.7 0.00 0 0 0 0.12 20.07 1 
20:00 2.64 12.9 0.00 0 0 0 0.13 17.30 1 
21:00 2.64 11.3 0.00 0 0 0 0.13 14.52 1 
22:00 0.00 10.9 0.00 0 0 0 0.14 14.39 1 
23:00 0.00 10.2 0.00 0 0 0 0.14 14.25 1 
24:00 0.00 9.8 0.00 0 0 0 0.14 14.11 1 
 
Similarly, the heat supply contribution in terms of the number of operation hours of 
each source for a duration of one year that can satisfy the demand was evaluated. The 
modelling results of the length of operation of each heat source for day and night schedules 
are shown in Figure 5.4. As it can be observed, the solar collector became to the second 
longest heat source in terms of the number of operation hours and recorded same 1891 hours. 
The biomass boiler recorded the highest number of operation hours with a total of 2107 hours. 
It is also interesting to notice that the majority of running hours of the biomass boiler are during 
daytime (88%). The heat pump on the other hand contributed more operation hours during 
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night time as electricity are more favorable (838 hours). Finally, given that the gas boiler is 
used to meet peak load demand, it was operated for a higher total of 180 hours with that 74.7% 
of time was during day time. 
The similar reliability analytical procedure was repeated, and it was found that this 
contribution of heat sources and thermal store capacity can fulfil the site’s heat demand 
throughout the year, giving a system’s reliability of 100%. 
 
Figure 5.4 Total working time for each heat source in scenario 2. 
 
A further break down of each heat source contribution in terms of heat generation is 
shown in Figure 5.5. The largest amount of heat contribution is featured by the biomass boiler, 
generating a total of 21.07 MWh of heat. The heat pump is the second largest contributor of 
heat with an annual output of 14.98 MWh, while the contribution of the solar collector and gas 
boiler, though important, is only marginal. The heat pump and biomass boiler are the main 




























Night Day Total working time
Optimisation of the thermal store 
133 
 




 3.11 kW solar collector 
 10 kW heat pump
 10 kW biomass boiler




Figure 5.5 Annual output of each heat source in scenario 2 
 
5.3.3 Scenario 3: 4.67 kW solar collector 
The similar analytical procedure was repeated for scenario 3. According to Chapter 4, 
with regard to the annual thermal capacity of the thermal store with a 4.67 kW solar collector, 
the maximum storage capacity for this scenario is 42.54 kWh. Similarly, the volume of thermal 
store is 1465.49 liters, and the matched manufacturing size can be designed [170]. The 
manufacturing data has been described above, which are used to calculate the variation of 
thermal store heat loss throughout a year.  
Table 5.5 reveals a sample of heat generation capacity of heat sources and 
corresponding thermal store from month February 25th. The initial storage capacity of the 
thermal store is 5 kWh, which is considered as the minimum amount of energy storage. For 
example, the heat load is 10.8 kW at 07:00, and the heat stored in previous hour is 6.32 kWh, 
which cannot cover the heat load of the site. Hence, a 10 kW heat pump switches for one hour 
to supply the required heat for the site and store any excess heat which decreases the thermal 
store capacity to 5.35 kWh at the end of the hour. At 08:00, the heat load increases to 44 kW, 
again the 5.35 kWh thermal store capacity cannot cover it, which requires additional capacity 
by turning on the heat pump (10 kW), biomass boiler (15 kW) and gas boiler (15 kW). However, 
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the capacity of the thermal storage decreased to 1.16 kWh and the ‘Demand met’ was ‘0’, 
which meant that the heat capacity from all the heat generation cannot meet the heat load. 
 A similar procedure of reliability analysis was repeated, and it was found that this 
contribution of heat sources and thermal store capacity cannot fulfil the site’s heat demand 
throughout the year, giving a system’s reliability of 99.98%. 
































00:00 6.36 -2.7 0    0.18 12.9 1 
01:00 7.54 -3.4 0 0 0 0 0.18 5.15 1 
02:00 8.45 -3.9 0 10 0 0 0.18 6.52 1 
03:00 8.97 -3.4 0 10 0 0 0.18 7.37 1 
04:00 9.57 -4.2 0 10 0 0 0.18 7.61 1 
05:00 10.2 -4.6 0 10 0 0 0.19 7.21 1 
06:00 10.7 -4.9 0 10 0 0 0.19 6.32 1 
07:00 10.8 -4.1 0 10 0 0 0.18 5.35 1 
08:00 44 -2.8 0 10 15 15 0.18 1.16 0 
09:00 22 -1.9 0 10 15 15 0.18 19 1 
10:00 15 -0.5 0 0 15 0 0.17 18.8 1 
11:00 10.6 1.9 0 0 0 0 0.16 8.01 1 
12:00 8.76 2 0 0 15 0 0.16 14.1 1 
13:00 10.5 3 0.403 0 15 0 0.16 18.8 1 
14:00 5.72 3.4 0.248 0 0 0 0.16 13.2 1 
15:00 5.72 2.9 0 0 0 0 0.16 7.32 1 
16:00 5.6 3.6 0 0 15 0 0.16 16.6 1 
17:00 7.04 2.5 0 0 0 0 0.16 9.36 1 
18:00 16.9 1.4 0 0 15 0 0.17 7.31 1 
19:00 17 1.1 0 0 15 0 0.17 5.1 1 
20:00 9.57 1.2 0 0 15 0 0.17 10.4 1 
21:00 14 1.4 0 0 15 0 0.17 11.2 1 
22:00 14.2 1.2 0 0 15 0 0.17 11.9 1 
23:00 11.9 1 0 0 15 0 0.17 14.8 1 
24:00 2.73 0.8 0 0 0 0 0.17 11.9 1 
 
Based on the above reliability analysis, the 4.67 kW solar collector, 10 kW heat pump, 
15 kW biomass boiler and 15 kW gas boiler cannot satisfy the site’s heat demand throughout 
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the year when the heat loss of thermal store is considered into the model. Then the 
optimisation for different heat generations was again analysed with the thermal store heat loss 
considered into system. The solar collector is assumed of 4.67 kW is integrated with a thermal 
store capacity of 2000 L. From the manufacturing data, the tank is of cylindrical shapes with 
the diameter, height and thickness of 1.44 m, 2.142 m, and 0.12 m respectively. The thermal 
conductance is 0.041 𝑊/(𝑚 ∙ 𝐾), and  the heat transfer coefficient is 0.3417 𝑊/(𝑚2𝐾)) [170].  
Table 5.6 shows storage capacity of 4.67 kW solar collector with different heat 
generations. The minimum storage capacity of a 4.67 kW solar collector with different 
generations was 43.34 kWh and the heat pump rated at 10 kW, while the biomass boiler and 
gas boiler were rated at 10 kW and 25 kW respectively.  
Table 5.6 Storage capacity with different heat generation with 4.67 solar collector 
Heat pump (kW) Biomass boiler (kW) Gas boiler (kW) Storage capacity (kWh) 
5 10 30 49.43 
5 15 25 46.95 
5 20 20 46.95 
5 25 10 56.26 
10 5 30 49.34 
10 10 25 43.34 
10 15 20 46.22 
10 20 20 51.22 
15 5 25 46.47 
15 10 20 46.47 
15 15 15 46.47 
15 20 10 46.47 
15 25 5 50.15 
20 5 20 53.34 
20 10 20 51.22 
20 15 5 51.97 
25 5 15 51.79 
25 10 5 56.27 




Table 5.7 shows a sample of heat generation capacity of heat sources and 
corresponding thermal store from January 1st. The initial storage capacity of the thermal store 
is 5 kWh, which is considered as the minimum amount of energy storage. For example, the 
heat load is 8.96 kW at 07:00, and the heat stored in the previous hour is 9.42 kWh, which 
cannot cover the heat load of the site. Hence, a 10 kW heat pump switches for one hour to 
supply the required heat for the site and store any excess heat which increases the thermal 
store capacity to 10.26 kWh at the end of the hour. At 08:00, the heat load increases to 42 kW, 
and again the 10.26 kWh thermal store capacity cannot cover it, which requires bringing 
additional capacity by turning on the heat pump (10 kW), biomass boiler (10 kW) and gas 
boiler (25 kW). The use of the gas boiler is considered as a last priority in terms of carbon 
emission and is only used to supply peak load. Any heat generation exceedance is then stored 
in the thermal store which increases to 13.07 kWh. 
Lastly, it is shown in Table 5.7 that on January 1st operation, the gas boiler only was 
switched on two hours, and that the heat pump started up for 7 times, while the biomass boiler 
started up twice. The number of startup times of the heat sources is important in that it 
influences the maintenances cost of the system and decreases reliability. On an annual basis 
the heat pump has the highest startup times (946 times), while the biomass boiler and gas 
boiler started up for 875 times and 186 times, respectively. This will be explored further in the 
next chapter. 
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00:00        5.00 1 
01:00 5.79 1.4 0 10 0 0 0.20 9.01 1 
02:00 6.3 0.5 0 10 0 0 0.20 12.52 1 
03:00 7.13 -0.2 0 0 0 0 0.20 5.19 1 
04:00 7.86 -0.7 0 10 0 0 0.20 7.12 1 
05:00 8.43 -0.9 0 10 0 0 0.21 8.49 1 
06:00 8.86 -1.1 0 10 0 0 0.21 9.42 1 
07:00 8.96 -0.4 0 10 0 0 0.20 10.26 1 
08:00 42 0 0 10 10 25 0.20 13.07 1 
09:00 23.2 0.7 0 10 10 0 0.20 9.71 1 
10:00 16.4 1.2 0 10 10 0 0.20 13.12 1 
11:00 14.8 1.7 0 0 10 0 0.20 8.16 1 
12:00 13.9 2.5 0 10 10 0 0.19 14.07 1 
13:00 17.5 2 0 0 10 0 0.19 6.36 1 
14:00 12.8 1.5 0 10 10 0 0.20 13.42 1 
15:00 11 2 0 0 10 0 0.19 12.17 1 
16:00 12.4 1.6 0 0 10 0 0.20 9.58 1 
17:00 14.2 0.8 0 0 10 0 0.20 5.23 1 
18:00 22.4 0.3 0 10 10 25 0.20 27.66 1 
19:00 21 -0.1 0 0 0 0 0.20 6.49 1 
20:00 13.3 -0.2 0 10 10 0 0.20 13.02 1 
21:00 17.4 -0.5 0 0 10 0 0.20 5.38 1 
22:00 17.6 -0.7 0 10 10 0 0.20 7.58 1 
23:00 15.7 -0.8 0 10 10 0 0.20 11.63 1 
24:00 4.74 -0.9 0 0 0 0 0.21 6.68 1 
 
Based on the data from the maximum thermal capacity of thermal store that satisfies 
the heat demand, it can be seen from Table 5.8 that the maximum heat capacity of the thermal 
store occurs on July 5th which amounts to 43.34 kWh corresponding a thermal store 1492.36 
liters. 
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00:00        9.92 1 
01:00 0.00 14.4 0.00 0 0 0 0.15 9.77 1 
02:00 0.00 13.7 0.00 0 0 0 0.15 9.62 1 
03:00 0.00 13.6 0.00 0 0 0 0.15 9.47 1 
04:00 0.00 13.4 0.00 0 0 0 0.15 9.32 1 
05:00 0.00 12.6 0.00 0 0 0 0.15 9.17 1 
06:00 0.00 14 0.00 0 0 0 0.15 9.02 1 
07:00 13.89 16.3 0.31 10 0 0 0.14 5.30 1 
08:00 2.98 18.4 1.47 10 0 0 0.13 13.66 1 
09:00 0.00 21 2.57 0 0 0 0.12 16.10 1 
10:00 0.00 22.4 3.42 0 0 0 0.12 19.40 1 
11:00 0.00 23.8 4.11 0 0 0 0.11 23.40 1 
12:00 0.00 24.5 4.58 0 0 0 0.11 27.87 1 
13:00 0.00 25.4 4.67 0 0 0 0.10 32.44 1 
14:00 0.00 25.2 4.42 0 0 0 0.10 36.75 1 
15:00 0.00 24.3 3.76 0 0 0 0.11 40.39 1 
16:00 0.00 24 3.06 0 0 0 0.11 43.34 1 
17:00 5.97 22.9 2.03 0 0 0 0.11 39.29 1 
18:00 5.97 21.9 0.90 0 0 0 0.12 34.10 1 
19:00 0.00 20.8 0.00 0 0 0 0.12 33.98 1 
20:00 2.47 19.6 0.00 0 0 0 0.13 31.38 1 
21:00 2.47 18.6 0.00 0 0 0 0.13 28.79 1 
22:00 0.00 17.7 0.00 0 0 0 0.13 28.65 1 
23:00 0.00 17 0.00 0 0 0 0.14 28.51 1 
24:00 0.00 16.6 0.00 0 0 0 0.14 28.37 1 
 
Similarly, the heat supply contribution in terms of the number of operation hours of 
each source for one year that can satisfy the demand was evaluated. The modelling results of 
operation length of each heat source for day and night schedules are shown in Figure 5.6. As 
it can be observed, the solar collector became to the second longest heat source in terms of 
the number of operation hours, amounting to 1891 hours. The biomass boiler recorded the 
highest number of operation hours, with a total of 1998 hours. It is also interesting to notice 
that the majority of running hours of the biomass boiler are during daytime (87.5%). The heat 
pump on the other hand contributed more operation hours during night time as electricity are 
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more favorable (830 hours). Finally, given that the gas boiler is used to meet peak load 
demand, it worked for a higher total of 187 hours, of which 73.8% of time was during day time. 
The similar reliability analytical procedure was repeated, and it was found that this 
contribution of heat sources and thermal store capacity can fulfil the site’s heat demand 
throughout the year, with the system’s reliability of 100%. 
 
Figure 5.6 Total working time for each heat source in scenario 3 
 
A further break down of each heat source contribution in terms of heat generation is 
shown in Figure 5.7. The largest amount of heat contribution is featured by the biomass boiler, 
generating a total of 19.98 MWh of heat. The heat pump is the second largest contributor of 
heat with annual an output of 14.31 MWh, while the contribution of the solar collector and gas 
boiler, though important, is only marginal. The heat pump and biomass boiler are the main 
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 4.67 kW Soalr collector
 10 kW Heat pump
 10 kW Biomass boiler




Figure 5.7 Annual output of each heat source in scenario 3 
 
5.4 The impact of heat loss in thermal storage for LTDH 
As described in the previous section, three sizes of solar collectors were retained for 
the optimisation of the thermal store exercise: 1.56 kW, 3.11 kW and 4.67 kW. The heat loss 
of thermal store with three sizes of solar collectors is shown in Figure 5.8. As the heat capacity 
of solar collector increased, the heat loss of thermal store increased. The heat loss of thermal 
store in scenario 1 was the lowest with the total heat loss of 986.19 kWh, while the heat loss 
of thermal in scenario 3 increased by 46.64% with highest heat loss of 1446.19 kWh. As the 
solar collector output increased, the thermal store capacity increased. As a result, both the 
volume of thermal store and heat loss increased. 




Figure 5.8 The heat loss of thermal store in three scenarios. 
 
As the storage heat loss model has been established, the operation results for LTDH 
system can be obtained. The operation results for LTDH system without heat loss of thermal 
storage have been obtained in Chapter 4. The results can be compared to analyse the storage 
heat loss impact on the LTDH system. 
There are three cases in Chapter 4, while there are three scenarios in Chapter 5. 
However, case 3 and scenario 3 are different due to the different outputs of the biomass boiler 
and gas boiler. The comparison can be made for case 1 VS scenario 1 and case 2 VS scenario 
2., because the only difference in the cases and scenarios is heat loss.  
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The comparison for total working time can be seen in Figure 5.9. The total working 
time for biomass boiler and heat pump in scenario 1 increased by 1.66% and 3.92% 
respectively, compared with case 1. Meanwhile, the total working time for the biomass boiler 
increased by 3.18% from case 2 to scenario 2, while the heat pump increased by 5.12%.  As 
discussed above, the heat pump and biomass boiler are the main heat generations for the 
LTDH system. When the heat loss of thermal storage is considered in the LTDH system, the 
main heat generation need to work for more time. 
 The storage capacity for case 1, scenario 1, case 2 and scenario 2 can be seen in 
Figure 5.10. The thermal store capacity in case 1 decreased from 26.68 kWh to 25.96 kWh in 
scenario 1 and the thermal store capacity decreased by 4.23% from case 2 to scenario 2. 
Generally, the choice of thermal storage should take into account safety factors, the volume 
of storage will be a bit larger. Overall, the storage capacity would decrease when the thermal 
storage is considered into the LTDH system. This can help to prevent the selection of 






























Figure 5.10 The storage capacity comparison for Case 1 VS Scenario 1, Case 2 VS Scenario 2 
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5.5 Summary  
The developed methodology was considered for the thermal storage heat loss, the 
new model for the LTDH with storage heat loss has been established. According to the 
previous three cases, the storage volume can be determined. Hence, the storage capacity for 
three scenarios have been optimised according to different outputs of solar collectors after the 
reliability analysis. The optimisation for heat sources and thermal store has been obtained, 
which can be divide into three scenarios.  
The maximum thermal store capacity for scenario 1 is 25.96 kWh, while the heat 
generations is 1.56 kW solar collector, 10 kW heat pump, 15 kW biomass boiler and 20 kW 
gas boiler in LTDH system. 
The maximum thermal store capacity for scenario 2 is 31.72 kWh, while the heat 
generations is for 3.11 kW solar collector, 10 kW heat pump, 10 kW biomass boiler and 20 
kW gas boiler in LTDH system. 
The maximum thermal store capacity for scenario 3 was 43.34 kWh, while the heat 
generations is 4.67 kW solar collector, 10 kW heat pump, 10 kW biomass boiler and 25 kW 
gas boiler in LTDH system. 
The total working time for each heat source has been obtained in three scenarios 
including day time and night time. The total working time of solar collector for three scenarios 
is same at 1891 hours. Excluding the solar collector working time, the biomass boiler is the 
longest operation device in three scenarios, then heat pump is the second longest operation 
device. The last one is gas boiler. The biomass boiler is the largest heat generation in three 
scenarios, while the second largest is heat pump. The last two is solar collector and gas boiler. 
The biomass boiler and heat pump contribute more than 80% of total heat demand, as a result 
they are the main heat generations. The start-up time of biomass boiler, heat pump and gas 
boiler in three scenarios have been obtained as well as total working time and annual output. 
This will be explored in the next chapter for environmental and economic analysis. 
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As the heat capacity of solar collector increased, the heat loss of thermal store 
increased. The thermal store heat loss with the 4.67 kW solar collector increased by 46.64% 
compared with the 1.56 kW solar collector. As the thermal store heat loss is considered into 
dynamic analysis, the working time of main heat generations increased. However, the 
maximum thermal store capacity during a year decreased, which can help to prevent the 








Economic and Environmental analysis  
145 
 
6 Economic and environmental analysis  
6.1 Introduction 
This chapter analyses the economic and environmental feasibility of the LTDH 
investigated in this project. The cost of operation and capital of each heat generation 
technology is evaluated under the three design scenarios. The environment impact of each 
technology and system in regard to carbon emission. 
6.2 Methodology  
A mathematical formulation of dispatching heat to the low temperature heat network at 
optimal operation cost was developed in line with the current energy policy, the UK 
government implements Renewable Heat Incentive (RHI) scheme to encourage adoption of 
renewable energy. In this work, the economic analysis takes into account the benefit of 
government subsidies for renewable heat source. Furthermore, the government introduces 
carbon emission taxation to simulate energy efficiency practices in industry and keeps with 
the zero emission targets.  
The feasibility analysis of district heating system considers many parameters which 
include both operation, maintenance and environmental impact. Amongst these are heat 
generation source operation and running time schedule, operational priority, operation 
efficiency, heat generation output capacity, start-up period, running off period, carbon 
emission taxation and maintenance [172]. The annual operation cost for each heat generation 
is determined taking into account the following: total cost of fuel/power consumption, annual 
maintenance cost, and government subsidies and financial incentives (i.e. RHI).  
In this analysis it was assumed that all the heat generating plants are located in 
proximity to each other (e.g., house in an energy center) and heat is then distributed to end 
users forming a small community. As described in previous chapter, the main heat generating 
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technologies considered in this work are solar thermal collector, heat pump, biomass and gas 
boiler. 
6.2.1 Solar collector   
As the primary source of heat supply to a solar thermal collector is solar incident on 
the collector, the cost of which is zero. However, the dispatch of solar hot water supply is 
intermittent in nature as it depends on time and location site. In the current analysis, the hourly 
heat generation profile of solar collector was quantified and established in Chapter 3. In this 
model, solar collector takes operational precedence as the energy is free and benefits from 
government subsidies in the form of RHI. The operation cost of the solar system will be based 
on the actual heat supplied from solar thermal system which in turns reflects on maintenance 
cost incurred. As the fuel cost is zero and taking into account the payment under RHI, the 
annual cost of generation heat from the system can be expressed as:  
𝐹𝑆 = 𝐹𝑠−𝑚 − 𝐹𝑠−𝑔𝑠 (6 − 1) 
Where 𝐹𝑆  is the annual operation cost for solar collector (£), 𝐹𝑠−𝑚  is the annual 
maintenance for solar collector (£) and 𝐹𝑠−𝑔𝑠 is the annual government subsidies (£). 
The government subsidies are evaluated on the basis of the annual amount of heat 
generated and can be written as: 
𝐹𝑠−𝑔𝑠 = 𝑓𝑠−𝑔𝑠𝑄𝑠−𝑜𝑢𝑡 (6 − 2) 
Where  𝑄𝑠−𝑜𝑢𝑡  is the total heat output of the solar collector (kWh), 𝑓𝑠−𝑔𝑠  is solar 
collector tariff of government subsidy (£/kWh).  
6.2.2 Biomass boiler  
The yearly operation cost for biomass boiler includes the total operation cost of its 
energy fuel consumption, electricity cost and annual maintenance cost, 𝐹𝑏−𝑚. In addition, the 
biomass is considered a renewable fuel and qualifies for government subsidies of heat 
generated. 
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The amount of heat generation from the biomass per year can be expressed as   
𝑄𝑏−𝑜𝑢𝑡 = 𝜂𝑏𝑚𝑏1𝐿𝐻𝑉𝑏 (6 − 3) 
Where 𝑄𝑏−out is the total heat output of biomass boiler (kWh), 𝜂𝑏 is the efficiency of 
biomass boiler, 𝐿𝐻𝑉𝑏 is the lower heating value of fuel (kWh/kg), 𝑚𝑏1 is the mass of fuel burnt 
in the boiler (kg). The efficiency of the biomass boiler is assumed to be constant in this analysis 
even though the load factors and fuel moisture content can influence it greatly, as explained 
in Chapter 2. 
Another consideration of biomass boiler system performance is the energy usage 
during startup period. Compared to conventional gas boiler, biomass boiler water circuit 
contains a large quantity of water, thus the thermal inertia and starting period can be longer 
resulting additional energy waste. The energy required to heat up the internal water circuit 
during startup period can be calculated as the cost during start-up in which the whole system’s 





∆𝑡𝑏2 (6 − 4) 
Where 𝑄𝑏−𝑐𝑤  is heat energy for internal water circuit (kWh), 𝑚𝑏−𝑐𝑤  is the mass of 
internal circuit water (kg), 𝑐𝑝  is specific heat of water [kJ/(kg K)], ∆𝑇  is the temperature 
difference between initial cold water temperature and supply water temperature, ∆𝑡𝑏2 is the 
total number of startups. The total fuel consumption during start up periods can also be 
determined from the estimated amount of fuel used as: 
𝑄𝑏−𝑐𝑤 = 𝜂𝑏𝑚𝑏2𝐿𝐻𝑉𝑏 (6 − 5) 
Where 𝑚𝑏2 is the mass of fuel for star-up period (kg). 
Therefore, the total cost of fuel consumption is expressed: 
𝐹𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 𝑓𝑏(𝑚𝑏1 + 𝑚𝑏2) (6 − 6) 
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Where the 𝐹𝑏𝑖𝑜𝑚𝑎𝑠𝑠 is the cost for fuel (£), 𝑓𝑏 is fuel price per kilogram (£/kg). 
The automated biomass fuel mechanical feeder is driven by electric motors which in 
turn consume non-negligible power. In this analysis two electricity tariffs are considered. The 
cost of running electricity auxiliary equipment can be calculated from: 
𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦 = 𝑓𝑒𝑙𝑒𝑐−𝑑𝑎𝑦𝐸𝑏∆𝑡𝑏−𝑑 + 𝑓𝑒𝑙𝑒𝑐−𝑛𝑖𝑔ℎ𝑡𝐸𝑏∆𝑡𝑏−𝑛 (6 − 7) 
Where 𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦 is the cost of electricity (£), 𝑓𝑒𝑙𝑒𝑐−𝑑𝑎𝑦 is the standard electricity price 
(£/kWh), 𝑓𝑒𝑙𝑒𝑐−𝑛𝑖𝑔ℎ𝑡 is the off-peak electricity price (£/kWh), ∆𝑡𝑏−𝑑 is total working hour during 
daytime (h), ∆𝑡𝑏−𝑛 is total working hour during off-peak night (h), 𝐸𝑏 is the output of biomass 
boiler (kW). 
Therefore, the yearly biomass boiler operational cost is expressed as follows: 
𝐹𝐵 = 𝐹𝑏𝑖𝑜𝑚𝑎𝑠𝑠 + 𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦 + 𝐹𝑏−𝑚 − 𝐹𝑏−𝑔𝑠 (6 − 8) 
Where 𝐹𝑏−𝑔𝑠 represents the government subsidies in the form of RHI which paid to the 
boiler operator. This is written as: 
𝐹𝑏−𝑔𝑠 = 𝑓𝑏−𝑔𝑠𝑄𝑏−𝑜𝑢𝑡 (6 − 9) 
Where 𝑓𝑏−𝑔𝑠 is the biomass boiler tariff of government subsidy (£/kWh). 
From Equation (6-6), (6-7), (6-8) and (6-9) which expresses the annual cost of running 
the biomass boiler can be written as:  
𝐹𝐵 = 𝑓𝑏(𝑚𝑏1 + 𝑚𝑏2) + 𝑓𝑒𝑙𝑒𝑐−𝑑𝑎𝑦𝐸𝑏∆𝑡𝑏−𝑑 + 𝑓𝑒𝑙𝑒𝑐−𝑛𝑖𝑔ℎ𝑡𝐸𝑏∆𝑡𝑏−𝑛 + 𝐹𝑏−𝑚 − 𝑓𝑏−𝑔𝑓𝑄𝑏−𝑜𝑢𝑡 (6 − 10) 
6.2.3 Gas boiler  
The procedure of calculating the yearly operational cost of the gas boiler is similar to 
that of the biomass boiler presented previously with the exception of RHI which the gas boiler 
does not qualify for. Therefore, the annual cost includes the total cost of its energy fuel 
consumption, electricity cost and annual maintenance cost.  
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The total cost of fuel, 𝐹𝑔, used to generate heat using the gas boiler can be expressed 
as follows: 
𝐹𝑔 = 𝐹𝑔𝑎𝑠 + 𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦 + 𝐹𝑔−𝑚 (6 − 11) 




) and start up time fuel ( 𝑄𝑔−𝑐𝑤 = 𝑚𝑔−𝑐𝑤𝑐𝑝
∆𝑇
3600
∆𝑡𝑔2), 𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦 is the 
cost of electricity (£) used to drive the water circulating pump and 𝐹𝑔−𝑚 is the maintenance 
cost, 𝑓𝑔 is the gas price (£/kWh), 𝑄𝑔−𝑖𝑛𝑝𝑢𝑡 is the input energy of gas (kWh), 𝜂𝑔 is the efficiency 
of gas boiler, 𝑄𝑔−𝑐𝑤 is the total energy used at startup periods with 𝑚𝑔−𝑐𝑤 the mass of internal 
circuit water (kg), 𝑐𝑝  is specific heat of water [kJ/(kg K)], ∆𝑇 is the temperature difference 
between initial cold water temperature and supply water temperature and ),  ∆𝑡𝑔2 is the total 
number of startups. 
6.2.4 Heat pump  
The annual operation cost for running heat pump includes the total cost of power 
supply and the annual maintenance cost. As with solar collector and biomass boiler, heat 
pump is considered as a renewable energy system and hence benefits from government 
financial subsidy of RHI. As explained in Chapter 2, the heat pump thermal performance is 
usually specified by the seasonal coefficient of performance (COP), which is a measure of 




(6 − 12) 
 Where 𝑄𝑝 is the heat pump output (kW), 𝑄𝑒 is the electricity input (kW),  𝐶𝑂𝑃 is the 
coefficient of performance for heat pump.  
Therefore, considering the normal and off-peak operating time and associated 
electricity tariffs for each period, the annual cost of electrical power consumed is given by: 
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𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦 = 𝑓𝑒𝑙𝑒𝑐−𝑑𝑎𝑦𝑄𝑒∆𝑡ℎ−𝑑 + 𝑓𝑒𝑙𝑒𝑐−𝑛𝑖𝑔ℎ𝑡𝑄𝑒∆𝑡ℎ−𝑛 (6 − 13) 
Where 𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦 is electricity cost (£), ∆𝑡ℎ−𝑑 is heat pump working hour for day time, 
∆𝑡ℎ−𝑛 is heat pump working hour for off-peak night time. 
The government subsidies for the heat generated by the heat pump (𝐹ℎ−𝑔𝑠) can be 
calculated by the following 
𝐹ℎ−𝑔𝑠 = 𝑓ℎ−𝑔𝑠(𝑄𝑝 − 𝑄𝑒)(∆𝑡ℎ−𝑑+∆𝑡ℎ−𝑛) (6 − 14) 
 Where 𝑓ℎ−𝑔𝑠 is the heat pump tariff of government subsidy (£/kWh). The government 
subsidies only applies to the renewable energy of the heat generated which is 𝑄𝑝 − 𝑄𝑒. 
Taking into account the cost of maintenance of the heat pump, the annual cost of 
running the heat pump becomes: 
𝐹𝐻 = 𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦 + 𝐹ℎ−𝑚 − 𝐹ℎ−𝑔𝑠 (6 − 15) 
The annual cost of running the heat pump given by Equation (6-15) can be expressed 
using Equation (6-13), (6-14) as:  
𝐹𝐻 = 𝑓𝑒𝑙𝑒𝑐−𝑑𝑎𝑦𝑄𝑒∆𝑡ℎ−𝑑 + 𝑓𝑒𝑙𝑒𝑐−𝑛𝑖𝑔ℎ𝑡𝑄𝑒∆𝑡ℎ−𝑛 + 𝐹ℎ−𝑚 − 𝑓ℎ−𝑔𝑠(𝑄𝑝 − 𝑄𝑒)(∆𝑡ℎ−𝑑+∆𝑡ℎ−𝑛) (6 − 16) 
6.2.5 Water pump  
The heat network requires water pump to circulate the heat from the heat sources to 
the end user. In this analysis it was assumed that each heat source has a dedicated water 
circulating pump. To calculate the operation cost of water circulating pump, water circulation 
capacity is selected by its maximum flow rate: 
𝑚𝑐𝑤−𝑚𝑎𝑥 =  
𝑄𝑙𝑜𝑎𝑑−𝑚𝑎𝑥3600
𝐶𝑝(𝑇𝑆 − 𝑇𝑅)
(6 − 17) 
Where 𝑚𝑐𝑤−𝑚𝑎𝑥 is the mass flow rate of water pump (kg/h), 𝑄𝑙𝑜𝑎𝑑−𝑚𝑎𝑥 is the maximum 
heat load (kW), 𝑇𝑆 is the supply water temperature (°C), 𝑇𝑅 is the return water temperature 
(°C). 
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(6 − 18) 
Where 𝑚𝑐𝑤−𝑑,𝑖 is the hourly mass flow rate (𝑚
3/ℎ).  
The annual cost of running the water pump can be calculated as: 





𝑃𝑒𝑙𝑒𝑐−𝑑,𝑖 + ∑ 𝑓𝑒𝑙𝑒𝑐−day
𝑖=24
𝑖=8
𝑃𝑒𝑙𝑒𝑐−𝑑,𝑖)             (6 − 19) 
Where 𝑃𝑒𝑙𝑒𝑐−𝑑,𝑖 is the hourly power input (kW).  
6.2.6 Thermal store 
Since the solar hot water generation is available only in sunny hours during day time 
and which does not coincide with peak heat demand pattern of early morning or late afternoon, 
thermal store allows to store the deploy this heat when needed. In this analysis, the operation 
cost of storing heat in a thermal store is calculated as follows: 
𝐹𝑡ℎ = ∑ 𝑞𝑡ℎ−𝑡
8640
𝑡=1
𝑓𝑡ℎ (6 − 20) 
Where 𝐹𝑡ℎ is the total thermal storage maintenance cost (£), 𝑞𝑡ℎ−𝑡 is hourly thermal 
storage capacity (kWh), 𝑓𝑡ℎ is the maintenance cost (£/kWh). 
6.2.7 Total carbon emission and total cost for the LTDH system 
The carbon emission mainly from heat pump and gas boiler, meanwhile biomass boiler 
also can produce a little of carbon emission. Solar energy is completely clean energy, which 
would not produce carbon emission. The total carbon emission can be expressed 
𝑀𝑡𝑜𝑡𝑎𝑙 = 𝑀𝐵 + 𝑀𝐺 + 𝑀𝐻 (6 − 32) 
Where 𝑀𝐵 is the annual carbon emission from biomass boiler (kg), 𝑀𝐺 is the annual 
carbon emission from gas boiler (kg), 𝑀𝐻 is the annual carbon emission from heat pump (kg).  
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The carbon emission can be calculated by the consumption of fuel. However, the 
carbon emission can also be calculated by the total output of each heat source in this study. 
The carbon emission from each heat source can be described as follows: 
𝑀𝐵 = 𝑄𝑏−𝑜𝑢𝑡𝑚𝐵 (6 − 33) 




𝑚𝐻 (6 − 35) 
Where 𝑄𝑏−𝑜𝑢𝑡 is the total output of biomass boiler (kWh), 𝑄𝑔−𝑜𝑢𝑡 is the total output of 
gas boiler (kWh), 𝑄ℎ−𝑜𝑢𝑡 is the total output of heat pump (kWh), 𝑚𝐵 is carbon emission per 
kilowatt hour for biomass boiler (kg/kWh), 𝑚𝐺 is carbon emission per kilowatt-hour for gas 
boiler (kg/kWh), 𝑚𝐻 is carbon emission per kilowatt-hour for heat pump (kg/kWh). 
Equation (6-32) combined with Equation (6-33), (6-34), (6-35) can be expressed:  
𝑀𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑏−𝑜𝑢𝑡𝑚𝐵  + 𝑄𝑔−𝑜𝑢𝑡𝑚𝐺 + 𝑄ℎ−𝑜𝑢𝑡𝑚𝐻 (6 − 36) 
As the previous section described, the cost of the LTDH system (𝐹𝑡𝑜𝑡𝑎𝑙  ) with multiple 
heat sources include solar collector cost, biomass boiler cost, gas boiler cost, heat pump cost, 
water pump cost, thermal storage cost and carbon emission taxation, which can be expressed 
by the following equation: 
                                                                         𝐹𝑡𝑜𝑡𝑎𝑙 = ∑ 𝐹𝑛                                                       (6 − 37)
 𝑛
 
𝑛 = 𝑆, 𝐵, 𝐺, 𝑡ℎ, 𝐻. 𝑊, 𝑡𝑎𝑥𝑎𝑡𝑖𝑜𝑛 
 
6.3 Analysis and operating parameters 
From the heat generation optimisation of Chapter 5 where three design scenarios were 
investigated which include the following: 
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• Scenario 1: 1.56 kW solar collector, 10 kW heat pump, 15 kW biomass boiler, 
20 kW gas boiler and a thermal store of 0.894 𝑚3(or 25.96 kWh) 
• Scenario 2: 3.11 kW solar collector, 10 kW heat pump, 10 kW biomass boiler, 
20 kW gas boiler and a thermal store of 1.093 𝑚3(or 31.72 kWh) 
• Scenario 3: 4.67 kW solar collector, 10 kW heat pump, 10 kW biomass boiler, 
25 kW gas boiler and a thermal store of 1.492 𝑚3(or 43.34 kWh) 
The annual qualifying heat generated by each technology of different design scenarios 
is recapitulated in Table 6.1. 
Table 6.1  Total output for each heat source. 
  Solar energy (MWh) Heat pump (MWh) Biomass boiler (MWh) Gas boiler (MWh) 
Scenario 1 0.91 11.91 26.625 1.8 
Scenario 2 1.82 14.98 21.07 3.6 
Scenario 3 2.74 14.31 19.98 4.675 
 
In this case study, the government subsidies of RHI was considered. As the case study 
represents an aggregation of households forming a community, non-domestic RHI rate was 
applied. The current non-domestic rates of RHI payments for solar collector, air source heat 
pump and biomass boiler are summarised in Table 6.2. 
Table 6.2 Non-domestic RHI tariff rates that apply for installation with an accreditation date on or after 1 July 2017 [125] 
Type of technology Heat output capacity  Tariff(£/kWh) 
Solar collector < 200kWth 0.1075 
Air source heat pump All capacities 0.0269 
Biomass boiler 
< 200kWth   Tier 1* 0.0279 
< 200kWth   Tier2* 0.0073 
* In each year the Tier 1 tariff is paid until the system has operated up to 15% of the annual rated output 
and the rest of the output in the year, the Tier 2 tariff will apply 
 
The equipment design specification outlined in Chapter 5 for the three case scenarios 
are then checked with existing manufactures data as shown in Table 6.3. The unit cost (£/kWh) 
of maintenance of heat pump, biomass boiler and gas boiler are strongly dependent on the 
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amount of heat generated or the number of running hours per year. The maintenance cost of 
solar collector is however often estimated and obtained from existing literature with a range of 
0.9 to 1.8% of capital costs [173]. The maintenance cost was also related to topping up the 
system with anti-freezing solution every 3-5 years at £140 [174, 175]. The maintenance cost 
of storing heat in the thermal store is also influenced by hourly thermal store capacity. 











Biomass Wood chips 
Capacity: 2.9-12.9 kW, Water content: 117L, Efficiency: 
92.8%, Electricity: 73 W, Maintenance: £100 
[176] 
Gas boiler Gas 
Max output: 24 kW, Efficiency: 92%, Electricity: 17 W, 
Water content: 3.9L, Maintenance: £275 
[177] 
Heat pump Electricity 
Heating capacity:16kW, COP: 3.6, Refrigerant: R470C, 
Maintenance: £360 
[178] 
Solar collector Solar energy Maintenance: £65 [175] 







Biomass Wood pellets 
Capacity: 4.4-14.9 kW, Water content: 27L, Efficiency: 
95.7%, Electricity: 66 W, Maintenance: £100 
[180] 
Gas boiler Gas 
Max output: 24 kW, Efficiency: 92%, Electricity: 17 W, 
Water content: 3.9L, Maintenance: £275 
[177] 
Heat pump Electricity 
Heating capacity:16kW, COP: 3.6, Refrigerant: R470C, 
Maintenance: £360 
[178] 
Solar collector Solar energy Maintenance: £95 [175] 







Biomass Wood pellets 
Capacity: 4.4-14.9 kW, Water content: 27L, Efficiency: 
95.7%, Electricity: 66 W, Maintenance: £100 
[180] 
Gas boiler Gas 
Max output: 30 kW, Efficiency: 92%, Electricity: 19W, 
Water content: 3.9L, Maintenance: £275 
[181] 
Heat pump Electricity 
Heating capacity:16kW, COP: 3.6, Refrigerant: R470C, 
Maintenance: £360 
[178] 
Solar collector Solar energy Maintenance: £125 [175] 
Thermal storage - Maintenance: 0.001£/kWh [179] 
 
The applied primary fuel type and tariffs used by the different technologies in this 
analysis is recapitulated in Table 6.4. Two type of biomass fuels are listed- wood chips and 
wood pellets which cost depend on the production process. Similarly, two type prices of 
electricity are considered- standard rate (daytime) tariff and off-peak rate (night) tariff. The 
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primary energy input to the solar collector is direct solar energy which is free source of energy. 
The environmental impact of using each fuel is also indicated in terms of the rate of CO2 
emissions. The rate of CO2 emissions of a fuel is strongly depended on its carbon content. 
The UK Currently taxed on a carbon equivalent basis at a rate for 2019 of £18 per tonne [182]. 
Table 6.4 Fuel Price and CO2  emissions  for each heating technology [183, 184] 
Heating 
technology 
Primary fuel type Fuel price 
Lower Heating Value 
(LHV) 
CO2 emissions  
Solar collector Solar energy - - 0 (kg/kWh) 









(3.38 kWh/kg) [185] 
0.019 (kg/kWh) 







- 0.241 (kg/kWh) 
Off -peak rate  
 
0.0808(£/kWh) 
Standard rate 0.1433(£/kWh) 
 
From the simulation model in Chapter 5, the start-up frequency of the heat generating 
system (heat pump, biomass, and gas boiler) are given In Table 6.5. 
Table 6.5 The number of start-up times of the heating systems 
 Heat pump Biomass boiler Gas boiler 
Scenario 1 808 935 90 
Scenario 2 965 784 175 
Scenario 3 946 875 186 
 
The cost of electricity of heat generating system (heat pump, biomass, and gas boiler) 
can be divided into standard rate (day) tariff and off-peak (night) tariff. The running hours for 
heat generations during day time and night time are given in Table 6.6 shows. 
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Table 6.6 The day time and night time of the heating systems 
Design scenario  Schedule  Heat pump (h) Biomass boiler (h)  Gas boiler (h) 
Scenario 1 
Day  411 1530 84 
Night 780 245 6 
Scenario 2 
Day  660 1854 134 
Night 838 253 46 
Scenario 3 
Day  601 1749 138 
Night 830 249 49 
 
As the maximum heat demand of the site was 44 kW and the designed supply/return 
temperature is 65 °C/45 °C, the maximum of mass flow rate of water was 1.516𝑚3/ℎ 
according Equation (6-17). The manufacture data of the water pump is given in Table 6.7. 
Table 6.7 The manufactural data for heat pump 
Equipment  






Water pump 2.9 10 45 
 
6.4 Results and data analysis 
6.4.1 Economic analysis 
The cost of each heat generation system of the LTDH was evaluated according to the 
calculation procedures outlined in previous section, including the cost of fuel, electricity, 
maintenance, taxation for carbon emission and government subsidy. These costs are 
aggregated by design scenario as shown in Table 6.8 to 6.10. 
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Biomass boiler 1190.80 17.45 100.00 -276.63 9.11 1040.73 
Gas boiler 71.87 0.21 275.00 0.00 5.96 353.04 
Heat pump ------ 338.94 360.00 -231.31 14.35 481.98 
Thermal storage ------ ------ 105.65 0.00 0.00 105.65 
Water pump ------ 49.30 ------ 0.00 ------ 49.30 
Solar collector  ------ ------ 65.00 -97.83 0.00 -32.83 
 
From Table 6.8, biomass boiler had the highest total operation cost amongst all other 
heat generation with annual cost of £1040.73. The solar collector with no primary fuel cost 
benefited from government subsidy and when the cost maintenance was subtracted it 
produced an annual income of £ 32.83. The heat pump was the second largest contributor of 
total operation cost to the LTDH with annual operation cost of £481.98. Gas boiler and thermal 
store ranked third and fourth with operation cost of £ 53.04 and £105.65, while the annual cost 
of water pump was only £49.30. 
Similar analytical procedure was repeated for scenario 2, the results of the analysis 
are recapitulated in Table 6.9. It can be seen that similar ranking order of operation cost of the 
heat generating system is observed compared to scenario 1. The annual operation cost of 
biomass boiler decreased slightly to £1038.54, while annual operation cost of heat pump and 
gas boiler increased significantly to £538.27 and £431.01 respectively. Because of the 
increased heat capacity of solar collector, the annual income increased to £100.65 















Biomass boiler 1132.51 18.88 100.00 -218.92 6.07 1038.54 
Gas boiler 143.70 0.39 275.00 0.00 11.92 431.01 
Heat pump ------ 451.16 360.00 -290.94 18.05 538.27 
Thermal storage ------ ------ 94.84 0.00 0.00 94.84 
Water pump ------ 49.30 ------ 0.00 ------ 49.30 
Solar collector  ------ ------ 95.00 -195.65 0.00 -100.65 
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The same cost trend was also seen in scenario 3, where the results of the analysis are 
recapitulated in Table 6.10. The annual operation cost of biomass boiler and heat pump 
decreased to £ 1003.02 and £ 525.17 respectively, while annual operation cost of gas boiler 
increased significantly to £ 477.14 respectively. The total annual income from the operation of 
the solar collector increased further to £ 168.48. 















Biomass boiler 1085.91 17.87 100.00 -207.59 6.83 1003.02 
Gas boiler 186.21 0.45 275.00 0.00 15.48 477.14 
Heat pump ------ 425.86 360.00 -277.93 17.24 525.17 
Thermal storage ------ ------ 117.62 0.00 0.00 117.62 
Water pump ------ 49.30 ------ 0.00 ------ 49.30 
Solar collector  ------ ------ 125.00 -293.48 0.00 -168.48 
 
From the cost analysis given in Table 6.8 to 6.10, the total system operation cost for 
each scenario were illustrated in Figure 6.4. It can be seen that difference between annual 
cost of the three scenarios is small. The lowest system operation cost is scenario 1 with a total 
annual cost of £ 1997.87 while scenario 2 recorded the highest cost at £ 2051.31, a difference 
of only 2.67%. 
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6.4.2 Environmental analysis 
The environmental analysis mainly focused on the carbon emission, which is based on 
a series of emission factors commonly accepted for each of energy sources, as shown in 
Table 6.4. Using the total heat energy generated by each heat source given in Table 6.1, the 
carbon emission for each heat source can be calculated for the three scenarios. 
For scenario 1, the heat pump was the largest carbon emission dioxide emitter and 
produced 797.3 kg of CO2, which accounted for 48.78% of total carbon emissions as Figure 
6.5 shows. The biomass boiler was the second largest of total carbon emission with 505.875kg, 
which represented 30.95% of total emission. In the third place the gas boiler was with 20.26% 
of total emission. The large proportion of emission from heat pump is related to emission factor 
of the grid (0.241 kg/kWh) which is larger than burning biomass (0.019 kg/kWh) or gas (0.184 
kg/kWh) and also to the number of running hours per year. 
331.2 kg(20.26%)
505.875 kg(30.95%)
 10kW Heat pump
 15kW Biomass boiler





Figure 6.2 Carbon emission for each heat source in Scenario 1. 
 
For scenario 2, the heat pump also contributed the highest amount of carbon emission 
with a proportion of 50.08% (1002.83 kg) of total carbon emission as Figure 6.3 shows. In this 
scenario, however, the biomass boiler emitted less carbon (337.12 kg) compared to the gas 
boiler (662.4 kg) with a proportion of 5.03% and 9.88% respectively. 
 






 10kW Heat pump
 10kW Biomass boiler




Figure 6.3 Carbon emission for each heat source in Scenario 2 
 
For scenario 3, the quantities of carbon emission are still larger than those emitted in 
scenario 1 and 2. The largest carbon emission was still produced by heat pump, with a total 
of 957.98kg or 43.59% of total emission, as Figure 6.4 shows. Gas boiler ranked second 
largest carbon emission, accounting for 39.14% of total system carbon emission. This was 
because in this scenario the total heat demand supplied by the gas boiler accounted for 
11.21%, which lead to the increase of gas boiler carbon emission. The biomass boiler was the 




 10kW Heat pump
 10kW Biomass boiler




Figure 6.4 Carbon emission for each heat source in Scenario 3. 
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Overall, in all design scenario, the heat pump emits the highest proportion of total 
carbon emission of the site. The low emission factor of biomass boiler fuel is translated to low 
carbon emission of the biomass boiler (less than 40% of total carbon emission) even though 
it generates about 50% of total heat demand. This represents the lowest emission besides the 
solar collector. The total carbon emission for generating heat to the site given by the three 
design is shown in Figure 6.5. The lowest carbon emission was scenario 1 with 1634.4 kg, 
which represents a saving of 25.63% compared with the highest system carbon emission of 
scenario 3. 
The carbon emission of each technology is based on current emission factors. In the 
future when the electricity grid is decarbonised such as hydropower and wind power, the 
carbon emission and energy consumption from the LTDH system can be largely lower and 
realise the objective of zero carbon emission. 
 




In this chapter the cost of generating heat and the CO2 emission resulting from the 
process was quantified. The cost of generating heat from multiple heat sources for the LTDH 
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It was shown that the annual operation cost of biomass boiler was the largest for three 
scenarios. The solar collector on the other hand generated an income due to government 
subsidies and free incident solar energy (primary energy) and the level of income increased 
with the size of solar collector. The heat pump which ran of the electricity grid had the second 
largest annual operation cost. The heat generation of design scenario 1 resulted in the lowest 
system operation cost of £ 1997.87 compared to the scenario 2 and 3 of £ 2051.31 and 
£ 2003.77 respectively. Overall, there is little difference in terms of annual operation cost 
between the three cases. 
Furthermore, in terms of carbon dioxide emission, the heat pump contributed the 
largest proportion (higher than 40%) in the three scenarios. The remaining emission was 
shared between biomass boiler and the gas boiler. As the carbon dioxide emission factor of 
biomass fuel is a fold lower than that of natural gas, the biomass boiler emission accounted 
for less than 40% of the total emission, even though it supplied about 50% of the heat demand 
of the site. The lowest emission of generating heat was obtained with design scenario 1 of 
1634.4 kg while scenario 3 recorded the highest emission of 2197.8 kg. Overall, scenario 1 
with a combination of 1.56 kW solar collector, 10 kW heat pump, 15 kW biomass boiler, 20 
kW gas boiler and a thermal store of 0.894 𝑚3 (or 25.96 kWh) produced more favourable 
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7 Conclusions, discussions and future work 
7.1 Introduction 
Heat provision in buildings is commonly achieved through individual fossil fuel boilers 
or renewable heat sources (heat pump, biomass and solar energy). District heating technology 
has been successfully deployed in many countries to provide thermal comfort in buildings. 
Energy saving and emission reduction are becoming the focus in many countries. With the 
advancement in smart cities design, networked services are increasingly sought. Through the 
heat network conception is not a new idea, the provision of low temperature heat through a 
LTDH network is increasingly promoted as an effective solution to increase efficiency and 
adoption of renewable energy systems. Integrating multiple heat sources into a single heat 
network is also a novel method of providing heat supply flexibility and diversity. In this work 
the main aim and objective were addressed through reviewing an extended library of published 
articles, defining the economic and environmental viability of the system.  
Therefore, this chapter outlines the research project conclusion, discussion on the 
trends of the research field, contribution, limitation and further development work.   
 
7.2 Contribution 
This work sought to advance knowledge of design of LTDH using multiple heat sources 
as a way to mitigate climate change and conserve energy resources. The research work 
particularly contributed to the following: 
i. A literature review of district heating network based on previous published 
articles, studies, as well as books and official sites in this field. 
ii. A simulation of the dynamic heat demand of the Creative Energy Homes (CEHs) 
using EnergyPlus software to aggregate the site’s heat demand. 
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iii. Development of a mathematical formulation of optimum heat sources 
capacities in a multiple heat sources LTDH. 
iv. Development of an optimisation of the thermal store to satisfy the site’s heat 
load reliability. 
v. Quantification of the operational cost and environmental impact of the multiple 
heat generating sources in a LTDH system. 
7.2.1 Review of DH technology and its role in the future heating market 
The literature review on DH technology covered the main technologies in DH system 
including heat sources, heat networks, supply and thermal storage, a detailed description of 
the evolution of traditional DH technology and projected future LTDH systems with the 
flexibility to make use of low-cost heat sources, heat recovery and renewable sources, leading 
the transition towards a low carbon economy. This particularly focused on giving an insight 
into the actual heating sector worldwide.  
7.2.2 Optimisation of the heat sources and thermal store in LTDH 
The heat generating technologies were selected from currently available technologies 
that can supply heat to the LTDH and satisfy the heat demand of the site. Three scenarios 
with variable technologies and sizes were considered. The contribution of renewable heat 
energy from the solar collector was maximised determining the optimum thermal store 
capacity that can accommodate all intermittent heat generated from the solar collector. The 
methodology of defining the optimal heat sources and thermal store capacity was carried out 
to meet the hourly load profile of the site for a year. A reliability analysis was then executed to 
ensure the site’s heat demand met for 100% of the year.  
7.2.3 Economic and environmental analysis  
The economic and environmental viability of the heat generating system was 
determined through a simplified formulation of the annual operating cost and carbon emission. 
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This considered the fuel tariffs, maintenance, government subsidies and carbon intensity of 
the fossil fuels and power grid. 
Therefore, this work has sought to advance both the concept of LTDH and integration 
of multiple heat generating sources for the provision of low carbon heat in a small-scale 
community heating scheme. This was achieved through mathematical formulation of the basic 
and fundamental theory and computer simulation for sizing and optimizing the heat sources 
and thermal capacity. 
 
7.3 Conclusion 
In this thesis, the main key finding and contribution of this work are related to the heat 
load of CEHs, optimise multiple heat sources and thermal storage, and LTDH system carbon 
emission and operation cost. 
7.3.1 Community energy demand  
The aggregate load of the Creative Energy Homes was 44 kW, while the annual energy 
consumption was 40258.1 kWh, including 14110.89 kWh for domestic hot water and 26417.92 
kWh for space heating. Except two peaks of heat load profiles in morning and evening, 
weekend heat load profile had one more peak point than weekdays profile. The CEHs duration 
curve was obtained, the heat load from 15 kW to 44 kW was considered in the peak demand 
bracket, which accounted for 33.08% of the year. 
7.3.2 Optimisation of multiple heat sources and thermal store 
The biomass boiler and heat pump supplied more than 80% of heat demand of the site, 
while the gas boiler fulfilled less than 10% of heat demand, working as auxiliary boiler. The 
solar collector operated for a total of 1891 hours per year and contributed less than 10% of 
heat demand. Excluding the running time of solar collector, the biomass boiler was the longest 
operation device, while the running time of heat pump and gas boiler ranked second and third.  
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As the heat capacity of solar collector increased, the heat loss of thermal store 
increased. The thermal store heat loss with 4.67 kW solar collector increased by 46.64% 
compared with 1.56 kW solar collector. 
As the thermal store heat loss is considered into dynamic analysis, the running time of 
main heat generations increased and the maximum thermal store capacity decreased during 
a year, which can help to prevent the selection of oversized thermal store. 
7.3.3 Economic and environmental analysis in LTDH 
The annual operation cost of biomass boiler was the largest in all heat generations, 
while it contributed less than 10% of total carbon emission and 50% of heat demand. However, 
the heat pump had the largest annual operation cost with largest proportion (higher than 80%) 
in carbon emission. The solar collector generated an income and the level of income increased 
with the size of solar collector. 
The system consisted a 1.56 kW solar collector, 10 kW heat pump, 15 kW biomass 
boiler, 20 kW gas boiler and a thermal store of 0.894 𝑚3 (or 25.96 kWh) which can supply 
heat for the site in a LTDH system at the lowest cost and with the least environment impact. 
The system’s annual operation cost and carbon emission was £ 1997.87and 1634.4 kg 
respectively. 
7.3.4 Limitation 
Despite a concerted effort to address the many challenges of the project brief, the 
scope of the project could be enhanced further. Some limitations are related to access 
expensive commercial software packages that can enhance the results of the study. Another 
limitation of the work is to conduct a validation analysis of the simulation data using the LTDH 
network of the Creative Energy Homes. This however will require full access to the dwellings 
and observe ethical issues of residents’ data. Finally, this project sought to help the adoption 
heat generation from renewable heat sources only and the power generation from renewable 
sources was not considered. 




7.4 Future work 
The results of this work can form the basis for future development of LTDH as a low 
carbon heat supply for an agglomeration of buildings. Future works could expend on the 
present study to include other element of the heat network such as heat distribution system, 
heat interface units and low temperature heat emission radiators on the end user side. The 
heat distribution would take into account pressure, flow velocity and heat loss in the thermally 
insulated pipework. Importantly, developing novel methods of integrated an increasingly larger 
share of heat supplied from renewable sources and consideration of the provision of domestic 
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APPENDIX A The models for CEHs in SketchUp 
   
Figure A-1 Mark group house model 
 
  
Figure A-2 Nottingham house model 
 
   




   
Figure A-4 Eon house model 
 
   
Figure A-5 Tarmac 4 house model 
 
   











APPENDIX B MATLAB model: simulation of LTDH with multiple 
heat sources 
n=3.1; %collector area 
Q_solar = s1*n; % hourly collector solar energy during a year 
 initialtank=5; %initial thermal store capacity 
  Q_load=h; % hourly heat load during a year 
 interval=24; 
 T_tol= interval*365;% total simulation time in hour 
 Q_hp=10; % output of heat pump 
 Q_bio=5; % output of biomass boiler 
 Q_gas=5;% output of biomass boiler 
  Q_storage= zeros(T_tol,1);% storage capacity 
   t=zeros(interval,1)% each day time 
   if Q_hp>=6 
    Q_storage(1)= Q_solar(1)+ initialtank+Q_hp-Q_load(1); 
   else 
       Q_storage(1)=Q_solar(1)+ initialtank+Q_hp+Q_bio+-Q_load(1); 
   end 
  
 for i=2:T_tol; 
     if i <= 3624; % januaray to may 
        t= mod(i,interval); 
        if t<=7 & t>0 % time from 1 to 7am 
            if Q_storage(i-1)+Q_solar(i)-Q_load(i)< initialtank 
            Q_storage(i)= Q_solar(i)+ Q_storage(i-1)+Q_hp-Q_load(i); 
             if Q_storage(i)< initialtank 
                 Q_storage(i)=Q_storage(i)+Q_bio; 
                 if Q_storage(i)< initialtank 
                      Q_storage(i)=Q_storage(i)+Q_gas; 
                 end 
             end 
                                            
            else 
                 Q_storage(i)=Q_solar(i)+Q_storage(i-1)-Q_load(i); 
            end   
        else 
            if Q_storage(i-1)+Q_solar(i)-Q_load(i)< initialtank 
               Q_storage(i)= Q_solar(i)+ Q_storage(i-1)+Q_bio-
Q_load(i);  
               if Q_storage(i)< initialtank 
               Q_storage(i)=Q_storage(i)+Q_hp; 
                    if Q_storage(i)< initialtank; 
                         Q_storage(i)=Q_storage(i)+Q_gas; 
                    end 
               end 
                                     
            else 
                 Q_storage(i)=Q_solar(i)+Q_storage(i-1)-Q_load(i); 
            end 
        end 
     end 
             
         if i >3624 & i<= 6552; % june to sepetember 
              if Q_storage(i-1)+Q_solar(i)-Q_load(i)< initialtank 
            Q_storage(i)= Q_solar(i)+ Q_storage(i-1)+Q_hp-Q_load(i); 




                 Q_storage(i)=Q_storage(i)+Q_bio; 
                 if Q_storage(i)< initialtank 
                      Q_storage(i)=Q_storage(i)+Q_gas; 
                 end 
             end 
              else 
                   Q_storage(i)=Q_solar(i)+Q_storage(i-1)-Q_load(i); 
                   
              end 
        end 
      if i >6552; % october to december 
        t= mod(i,interval); 
        if t<=7& t>0% time from 1 to 7am 
            if Q_storage(i-1)+Q_solar(i)-Q_load(i)< initialtank 
            Q_storage(i)= Q_solar(i)+ Q_storage(i-1)+Q_hp-Q_load(i); 
             if Q_storage(i)< initialtank 
                 Q_storage(i)=Q_storage(i)+Q_bio; 
                 if Q_storage(i)< initialtank 
                      Q_storage(i)=Q_storage(i)+Q_gas; 
                 end 
             end 
                                            
            else 
                 Q_storage(i)=Q_solar(i)+Q_storage(i-1)-Q_load(i); 
            end   
        else 
            if Q_storage(i-1)+Q_solar(i)-Q_load(i)< initialtank 
               Q_storage(i)= Q_solar(i)+ Q_storage(i-1)+Q_bio-
Q_load(i);  
               if Q_storage(i)< initialtank 
               Q_storage(i)=Q_storage(i)+Q_hp; 
                    if Q_storage(i)< initialtank; 
                         Q_storage(i)=Q_storage(i)+Q_gas; 
                    end 
               end 
                                     
            else 
                 Q_storage(i)=Q_solar(i)+Q_storage(i-1)-Q_load(i); 
            end 
        end 
     end   
 end 
       
      [x,y]=find(Q_storage==max(Q_storage(:))) 
      T=1:T_tol; 
      plot(T,Q_storage(1:T_tol)) 
       
     N = sum(Q_storage<5) 




APPENDIX C MATLAB model: simulation thermal storage 
operation 
n=3.1; %collector area 
Q_solar = s1*n; % hourly collector solar energy during a year 
 initialtank=5; %initial thermal store capacity 
  Q_load=h; % hourly heat load during a year 
  t_ambient=tambient;% the ambient temperature 
 interval=24; 
 T_tol= interval*365;% total simulation time in hour 
  Q_hp=10; % output of heat pump 
 Q_bio=15; % output of biomass boiler 
 Q_gas=20;% output of biomass boiler 
  Q_storage= zeros(T_tol,1);% storage capacity 
  Q_loss=zeros(T_tol,1);% heat loss of storage 
   t=zeros(interval,1)% each day time 
   U=0.34;% the heat transfer coefficient   
   A=7.73;% is the surface area of storage capacity 
   t_m=52.5;% the mean temperature of thermal store 
   Q_loss=U*A*(t_m-t_ambient)/1000;% the heat loss of thermal store    
      if Q_hp>=6 
    Q_storage(1)= Q_solar(1)+ initialtank+Q_hp-Q_load(1)-Q_loss(1); 
   else 
       Q_storage(1)=Q_solar(1)+ initialtank+Q_hp+Q_bio+-Q_load(1)-
Q_loss(1); 
   end 
  
 for i=2:T_tol; 
     if i <= 3624; % januaray to may 
        t= mod(i,interval); 
        if t<=7 & t>0 % time from 1 to 7am 
            if Q_storage(i-1)+Q_solar(i)-Q_load(i)-Q_loss(i)< 
initialtank 
            Q_storage(i)= Q_solar(i)+ Q_storage(i-1)+Q_hp-Q_load(i)-
Q_loss(i); 
             if Q_storage(i)< initialtank 
                 Q_storage(i)=Q_storage(i)+Q_bio; 
                 if Q_storage(i)< initialtank 
                      Q_storage(i)=Q_storage(i)+Q_gas; 
                 end 
             end 
                                            
            else 
                 Q_storage(i)=Q_solar(i)+Q_storage(i-1)-Q_load(i)-
Q_loss(i); 
            end   
        else 
            if Q_storage(i-1)+Q_solar(i)-Q_load(i)-Q_loss(i)< 
initialtank 
               Q_storage(i)= Q_solar(i)+ Q_storage(i-1)+Q_bio-
Q_load(i)-Q_loss(i);  
               if Q_storage(i)< initialtank 
               Q_storage(i)=Q_storage(i)+Q_hp; 
                    if Q_storage(i)< initialtank; 
                         Q_storage(i)=Q_storage(i)+Q_gas; 




               end 
                                     
            else 
                 Q_storage(i)=Q_solar(i)+Q_storage(i-1)-Q_load(i)-
Q_loss(i); 
            end 
        end 
     end 
             
         if i >3624 & i<= 6552; % june to sepetember 
              if Q_storage(i-1)+Q_solar(i)-Q_load(i)-Q_loss(i)< 
initialtank 
            Q_storage(i)= Q_solar(i)+ Q_storage(i-1)+Q_hp-Q_load(i)-
Q_loss(i); 
             if Q_storage(i)< initialtank 
                 Q_storage(i)=Q_storage(i)+Q_bio; 
                 if Q_storage(i)< initialtank 
                      Q_storage(i)=Q_storage(i)+Q_gas; 
                 end 
             end 
              else 
                   Q_storage(i)=Q_solar(i)+Q_storage(i-1)-Q_load(i)-
Q_loss(i); 
                   
              end 
        end 
      if i >6552; % october to december 
        t= mod(i,interval); 
        if t<=7& t>0% time from 1 to 7am 
            if Q_storage(i-1)+Q_solar(i)-Q_load(i)-Q_loss(i)< 
initialtank 
            Q_storage(i)= Q_solar(i)+ Q_storage(i-1)+Q_hp-Q_load(i)-
Q_loss(i); 
             if Q_storage(i)< initialtank 
                 Q_storage(i)=Q_storage(i)+Q_bio; 
                 if Q_storage(i)< initialtank 
                      Q_storage(i)=Q_storage(i)+Q_gas; 
                 end 
             end 
                                            
            else 
                 Q_storage(i)=Q_solar(i)+Q_storage(i-1)-Q_load(i)-
Q_loss(i); 
            end   
        else 
            if Q_storage(i-1)+Q_solar(i)-Q_load(i)-Q_loss(i)< 
initialtank 
               Q_storage(i)= Q_solar(i)+ Q_storage(i-1)+Q_bio-
Q_load(i)-Q_loss(i);  
               if Q_storage(i)< initialtank 
               Q_storage(i)=Q_storage(i)+Q_hp; 
                    if Q_storage(i)< initialtank; 
                         Q_storage(i)=Q_storage(i)+Q_gas; 
                    end 
               end 
                                     
            else 
                 Q_storage(i)=Q_solar(i)+Q_storage(i-1)-Q_load(i)-
Q_loss(i); 




        end 
     end   
 end 
       
 
 
 
 
